
ABSTRACT 

MCVEIGH, DOREEN MIRIAM ANNE. Potential Larval Dispersal and Population 
Connectivity of Deep-Sea Methane Seep Invertebrates. (Under the direction of Dr. David B. 
Eggleston).  
 
Since their discovery, deep-sea chemosynthetic ecosystems have been novel systems within 

which to test the generality of paradigms developed for shallow-water species. The first part 

of this study explored the roles of larval behavior, pelagic larval duration (PLD), and 

spawning locations on dispersal potential of seep invertebrates. The goal was to assess the 

dispersal trajectories of the polychaete, Lamellibrachia luymesi, the gastropod, Bathynerita 

naticoidea, and the crustacean, Alvinocaris muricola among seep-sites in the Gulf of Mexico 

(GOM) and Western Atlantic Ocean (WAO) using a coupled biophysical model. Larval 

particles were programmed with species-specific PLDs and swimming behaviors that best 

matched empirical data, and released into a flow field that accurately characterizes 

climatological conditions at ~7-kilometer horizontal resolution. While there was variation, 

the overall trend was consistent, with the greatest dispersal observed for A. muricola, 

followed by B. naticoidea, and L. luymesi. L. luymesi mean particle distance travelled was 

significantly higher when released from western GOM (274 km ± 0.82), followed by the 

eastern GOM (171 km ± 0.82). B. naticoidea mean particle distance travelled was 

significantly higher when released from western GOM (670 km ± 1.27), followed by WAO 

(287 km ± 1.27), northern WAO  (286 km ± 1.27), central GOM (241 km ± 0.15), and 

western GOM (268 km ± 1.27). A. muricola mean particle distance travelled was 

significantly higher when released from eastern GOM (854 km ± 2.53), followed by central 

GOM (846 km ± 1.27), western GOM (757 km ± 1.27), WAO (616 km ± 1.27), and northern 

WAO (612 km ± 1.27). In Chapter 2, the dissertation explored potential larval dispersal and 



population connectivity of the deep-sea mussel, “Bathymodiolus” childressi among three 

methane seep sites in the Gulf of Mexico. Three possible larval dispersal simulations were 

evaluated: (1) demersal drift of larvae, (2) variable larval vertical distribution with near 

surface dispersal, and (3) variable larval vertical distribution with near-surface dispersal. 

Particles with Simulation 3 behavior had the greatest dispersal distance (1173 km ±2.00), 

followed by Simulation 2 (921 km ±2.00), and Simulation 1 behavior (237 km ±1.43). In 

Chapter 3, the dissertation quantified potential population connectivity using Lagrangian 

Particle Density Functions (LPDFs) and connectivity matrices for the five methane seep 

species. There were marked differences in the strength of larval dispersal pathways and 

LPDFs among the different species and release sites, with a majority of larval particles 

remaining near their natal site. The LPDFs of particles released from the GOM with surface 

seeking “B.” childressi behavior readily dispersed throughout the eastern GOM and WAO. 

Conversely, L. luymesi and “B.” childressi demersal drifting particles were spatially 

constrained to the northern and western GOM, with no connection to the WAO. The majority 

of A. muricola and B. naticoidea particles released from WAO dispersed south of the release 

sites along the shelf-break depth contour toward the Caribbean (southward). Patterns of 

population connectivity varied greatly among species, with the greatest amount of 

connectivity by B. naticoidea and A. muricola, and the least amount of connectivity exhibited 

by surfacing seeking “B.” childressi and L. luymesi. Despite the extensive dispersal of 

particles, no other sites exhibited any degree of connectivity. These results are the first 

known attempt to use empirically observed behavior of larval seep invertebrates to assess 

dominant pathways and connectivity in a coupled biophysical model, and assess self-

recruitment from release sites despite wide variation in PLD and behavior.  Collectively, the 



three chapters of this dissertation provide an initial and quantitative understanding of the 

potential population connectivity for four species of methane seep invertebrates found 

throughout the GOM and WAO and the significance of coupled biophysical models to test 

connectivity hypotheses.  
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Warmer colors indicate a stronger percent connection between sties, while cooler 
colors denote a weaker connection. For ease of interpreting the data, the actual 
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percent of connectivity for each species is depicted in every box. Care should be 
taken when interpreting the strength of connectivity for each species, as the color bar 
strength is specific to each species. To interpret the figure, begin first on the x axis 
(Source) and for connectivity with itself or another site on the y axis  
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DISSERTATION INTRODUCTION 

Connectivity and spatial models of shallow water systems have made great progress in recent 

years, reaching finer scale measurements and better predicting capabilities (Cowen and 

Sponaugle 2009, Jones et al. 2009, Qian et al. 2014, Puckett et al. 2014). Furthermore, 

oceanographic models can now perform simulations to predict population connectivity 

subsequently verifiable by population genetics. Currently published articles do not directly 

couple hydrodynamic larval transport models with empirical data, which is an area crucial to 

understanding how oceanographic processes influence genetic structure of populations.  

Studies of larval dispersal long considered larvae to be passive planktonic particles, 

completely subject to physical oceanographic processes, but in recent decades the roles of 

larval behavior in dispersal and settlement outcomes have become increasingly recognized 

(Levin 2006, Metaxas 2011). In marine systems, the exchange of dispersing larvae among 

subpopulations can drive the (i) dynamics of marine metapopulations, (ii) resilience of 

populations to exploitation, and (iii) success of management strategies such as no-take 

marine reserves (Cowan and Sponaugle  2009, Gaines et al. 2010, Puckett and Eggleston 

2016). Several biophysical processes can drive dispersal and connectivity patterns, such as 

the location and timing of spawning relative to hydrodynamic features and the availability of 

suitable habitat ( Sponaugle et al. 2002, Edwards et al. 2007, Ayata et al. 2010, Gilbert et al. 

2010, Huret et al. 2010, Eggleston et al. 2010, Basterretxea et al. 2012, Pinsky et al. 2012). 

Processes occurring during the larval phases may also drive dispersal and connectivity. For 

example, larval behaviors alter the vertical distribution of larvae in the water column 

exposing larvae to different hydrodynamic conditions at different depths, thereby modifying 
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dispersal patterns (Sponaugle et al. 2002, Drew and Eggleston 2006, Paris et al. 2007, North 

et al. 2008, Butler et al. 2011). Moreover, the pelagic larval duration (PLD) may range from 

days to months, after which larvae must find suitable habitat and successfully settle (Levin, 

2006, Young et al. 2012).  Thus, spatiotemporal variation in population connectivity among 

subpopulations over ecological and evolutionary time scales can result from variations in the 

timing and location of spawning, hydrodynamic processes, larval behavior and mortality, and 

post-settlement processes such as emigration and mortality (Van Dover et al. 2002, Levin 

2006, Mitarai et al. 2016).  

For many marine benthic species, the planktonic larval stage allows the next 

generation to disperse and settle in new habitats over a variety of spatiotemporal scales. 

Population connectivity, the exchange of individuals among populations, can affect genetic 

composition, as well as the dynamics of local populations and communities (Cowen et al. 

2007, Treml et al. 2012, Puckett et al. 2014). The length of time at which larvae can exist in 

the water column can greatly affect population connectivity, and varies by species from a few 

days to over a year (Thorson 1950, Wray and Raff 1991, Young et al. 1997, Le Pennec and 

Beninger 2000, Arellano and Young 2009). The wide range of larval behaviors and physical 

mechanisms together with their variability at multiple scales makes larval transport 

exceedingly difficult to measure (Pineda et al. 2007). Multiple sampling events while the 

larvae are in the water column can provide tremendous insight, however, the logistics of ship 

time, cost, and uncertainty of spawning events make direct observations difficult. Examining 

the effects of oceanographic events on transport is far more feasible in a modeling context, 
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where multi-year models can examine impacts of seasonal and inter-annual variability on the 

dispersal patterns of larvae to sites (Young et al. 2012, Qian et al. 2015). The ability to 

conduct meso-scale modeling increases our understanding and appreciation of the role 

morphological aspects can play in larval transport.  

 

Therefore, the first objective of this dissertation was to address how does species-

specific larval behavior and PLD influence the larval dispersal potential and population 

connectivity of three seep species: (1) the deep-sea polychaete, Lamellibrachia luymesi, (2) 

gastropod, Bathynerita naticoidea, and (3) crustacean, Alvinocaris muricola. Specifically, in 

Chapter 1 the dissertation compared species-specific biological parameters and particles 

subjected to advection and diffusion (“currents only”) in the US East model across five sites 

in the Gulf of Mexico and South Atlantic Bight. In Chapter 2, the dissertation examined three 

possible behaviors and their effect on larval dispersal potential and population connectivity 

for the bivalve, “Bathymodiolus” childressi. Highly specific behavior parameters were 

programmed which reflected three behavior scenarios that have been observed by larvae 

caught in the Gulf of Mexico. Finally, in Chapter 3 the dissertation quantified potential 

connectivity for all four species (L. luymesi, B. naticoidea, A. muricola, and “B.” childressi) 

using Lagrangian Particle Density Functions and connectivity matrices to evaluate the 

strength of potential population connectivity between five known methane seep sites.  
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CHAPTER 1 

LARVAL DISPERSAL AND POTENTIAL POPULATION CONNECTIVITY 
AMONG DEEP-SEA, HYDROCARBON SEEP INVERTEBRATES: INTERACTING 

EFFECTS OF BEHAVIOR AND SPAWNING LOCATION 
 

 
ABSTRACT 

The free-swimming larval stage of marine benthic invertebrates is a key life phase that 

promotes population connectivity. Benthic invertebrates of deep-sea methane seeps are 

widely distributed, however, how the biophysical factors impact and interact to drive 

dispersal of invertebrate larvae to disperse and encounter suitable habitat are not well known. 

This study uses a coupled biophysical model to predict spatiotemporal variability in 

population connectivity of deep-sea methane seep invertebrates in the Gulf of Mexico and 

U.S South Atlantic Bight, by quantifying potential larval particle dispersal and the likely 

processes driving this dispersal. Species-specific biological parameters, such as pelagic larval 

duration (PLD) and larval swimming behavior were assigned to particles simulating the 

deep-sea polychaete, Lamellibrachia luymesi (PLD = 21 days), gastropod, Bathynerita 

naticoidea (PLD = 90 days), and crustacean, Alvinocaris muricola (PLD = 186 days) that 

were allowed to disperse among five known methane seep sites. Particles with no 

programmed behavior were also released into the flow field to compare the effect of behavior 

on average dispersal distance and trajectories. Larval behavior, spawning location and 

species-specific PLDs strongly influenced particle distribution throughout the model domain. 

Average dispersal trajectories for particles exhibiting species-specific behavior varied 18 km 

to 854 km away from methane seep sites, extensively covering the Gulf of Mexico and South 
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Atlantic. This integrative approach of hydrodynamic modeling and simulated behavior 

advances our understanding of the factors regulating dispersal throughout the ocean, and the 

combined effects of oceanographic conditions and larval behavior on potential connectivity 

of five methane seep species in the Gulf of Mexico and Atlantic Ocean.  

 

KEY WORDS 

Bathynerita naticoidea, Alvinocaris muricola, Lamellibrachia luysmesi, biophysical model, 
larval dispersal, methane seep 
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INTRODUCTION 

For many marine benthic species, the planktonic larval stage allows the next generation to 

disperse and settle in new habitats over a variety of spatiotemporal scales. Population 

connectivity, the exchange of individuals among populations, can affect genetic composition, 

as well as the dynamics of local populations and communities (Cowen et al. 2007, Treml et 

al. 2012, Puckett et al. 2014). The length of time at which larvae can exist in the water 

column, known as pelagic larval duration (PLD), can greatly affect population connectivity, 

and varies by species from a few days to over a year (Thorson 1950, Wray and Raff 1991, 

Young et al. 1997, Le Pennec and Beninger 2000, Arellano and Young 2009). Larval 

behavior can also influence both larval dispersal distance and the resulting biogeography. For 

example, vertical migration and horizontal swimming can have considerable influence on 

dispersal potential, as larvae capitalize on varying current speeds and directions in the water 

column to retain themselves within certain oceanographic features, or find suitable habitat 

(DeHaan and Sturges 2005, Sturges and Lugo-Fernandez 2005). While the study of how PLD 

and larval behavior influence dispersal is improving for many shallow-water species (e.g., 

Cowen et al. 2007, Cowen and Sponagule 2009, Puckett et al. 2014 and references therein), 

there is relatively little known regarding the importance of these factors on population 

connectivity in the deep-sea (Arellano et al. 2014, Young et al. 2012).   

Larval dispersal via deep-sea ocean circulation is one of the major factors influencing 

the distribution and abundance, species diversity, and gene flow of deep-sea animals (Grassle 

1989, Van Dover et al. 2002, Carney et al. 2006). While surface circulation patterns can be 

studied with the use of satellite observations, observations of deep currents are limited to data 
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generated from current meters positioned on deep-sea moorings, and deep ocean drifters. 

Deep ocean currents are generally 1-2 orders in magnitude slower than surface currents, and 

flow in opposite directions to surface currents (Sturges and Lugo-Fernandez2005). For 

example, in the Gulf of Mexico (GOM), the anticyclonic Loop Current dominates the upper-

layer current flow with speeds of approximately 1 m s-1, whereas the deep layer exhibits a 

cyclonic flow pattern with speeds of approximately 1-2 cm s-1 (DeHaan and Sturges 2005). 

Therefore, variation in deep-sea current velocities may result in potential larval dispersal 

patterns that are opposite of those predicted for larval dispersing in near-surface waters, and 

with potentially reduced population connectivity owing to relatively slow current speeds in 

the deep sea. 

         Methane seeps, also known as cold seeps, occur along continental margins where 

reduced methane and sulfide emerge from ocean sediment (Levin 2006). Methane seeps were 

fairly recently discovered (Paull et al. 1984), but have since been found throughout the 

world’s oceans (MacDonald et al. 1994, Olu et al. 1996, Sibuet and Olu 1998, Egorov et al. 

1999, Suess et al. 1999, Sahling et al. 2002, Van Dover et al. 2002). The exploration of 

methane activity off of the U.S. Atlantic Margin led to the discovery of more than 400 

methane seeps (Skarke et al. 2014), which drastically increases scientific understanding of 

seep distribution and abundance patterns, as well as the implications for potentially high 

population connectivity among seep invertebrates.  

          Population connectivity and genetic structure in chemosynthetic ecosystems are of 

particular interest because of the obligate relationships between biomass-dominant species, 

particularly those that host autotrophic endosymbionts that help to metabolize the methane 
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gas that forms the basis of the food web. For example, in deep-sea hydrothermal vent 

systems effective dispersal mechanisms are based on (i) the rapid colonization of new vents 

by invertebrates following major eruptive events (Shank et al. 1998), (ii) evidence for cohort 

phenomena, whereby a vent is colonized by organisms of distinct age-classes over specific 

time events (Van Dover et al. 2002), and (iii) lack of evidence for population genetic 

structure on scales of <100 km for several vent species (e.g., Won et al. 2003, Hurtado et al. 

2004). Less is known about population connectivity for hydrocarbon seep faunas (Levin 

2005), however, the occurrence of amphi-Atlantic species complexes of mussels, shrimp, and 

other taxonomic groups (Olu-LeRoy et al. 2007, Cordes et al. 2007) suggests limited 

population connectivity in some cases, and spatially broad connectivity in others. For 

instance, for the deep-sea mussel Bathymodiolus childressi, molecular mtCOI phylograms 

(Cordes et al. 2007) suggest contemporary gene flow and population connectivity within the 

Intra-American Seas (>1,000 km2), which includes known deep-water seeps in the 

southeastern Caribbean, central and eastern GOM and along the Western Atlantic. 

Conversely, allozyme analysis of the deep-sea amphipod Ventiella sulfuris (Crustacea: 

Malacostraca Lysianassidae) shows strong isolation by distance (over an area of 1,200 km2), 

likely due to the way in which it broods eggs (France et al. 1992, Virjenhoek 1997). 

Improved biophysical modeling techniques (Puckett et al. 2014, Qian et al. 2015) can predict 

potential larval dispersal and population connectivity among seep invertebrates with varying 

PLDs and larval behaviors and, thus, can help biological oceanographers predict how new 

populations are colonized and how present populations persist. These mechanisms can then 
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be tested with molecular tools that identify the spatial scales at which genetic differentiation 

occurs (Carney et al. 2006, Thaler et al. 2011).  

    Ocean circulation dynamics and dispersal potential of invertebrates in the deep sea are 

active areas of research, but are limited by a dearth of observations and empirical data on (i) 

larval distributions in the water column, (ii) larval behavior, and the (iii) timing and locations 

of spawning. This study assesses the influence of larval behavior and PLD, as well as 

spawning location and timing, on larval dispersal potential and population connectivity among 

methane seeps in the GOM and Western Atlantic Ocean. Three species of seep invertebrates 

with varying larval behaviors and PLDs are examined: (1) the deep-sea polychaete, 

Lamellibrachia luymesi, (2) the gastropod, Bathynerita naticoidea, and (3) the crustacean, 

Alvinocaris muricola.  

 

MATERIALS AND METHODS 

Climatological conditions were integrated (e.g., current fields and surface forcing) into a 

regional ocean modeling system, with current velocities subsequently driving a Lagrangian 

particle-tracking model that generated larval particle dispersal paths. These computer 

simulations compared the main and interactive effects of spawning location and larval 

dispersal behavior (versus without behavior), among three species of hydrocarbon seep-

invertebrates with varying PLDs, on the following response variables: (1) general particle 

trajectories, (2) mean and (3) maximum dispersal distances.   
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Biophysical Model and Spatio-Temporal Scales 

The US East model is a type of Regional Ocean Modeling System (ROMS) developed by the 

Ocean Observing and Modeling group at North Carolina State University (He et al. in prep).  

This model generates 3D current velocities under realistic climate conditions, such as wind 

speed, flow velocity, and temperature. The US East model domain (Fig.1) covers the entire 

Gulf of Mexico, U.S. South Atlantic, U.S. Mid-Atlantic and North Atlantic Bights, northwest 

Atlantic Ocean, as well as the Sargasso, Caribbean and Intra-American Seas. The grid 

spacing of US East is 1/12o (7-10 km) and utilizes 36 terrain-following vertical levels with 

increased resolution towards the surface and ocean bottom. 

Open boundary conditions, where model data flows freely into the eastern boundary 

of the model domain, are generated annually and derived from HYbrid Coordinate Ocean 

Model (HYCOM) solutions.  HYCOM is a global ocean model that assimilates satellite-

observed sea surface temperature and height, and ARGOS measured temperature and salinity 

with daily predictions of circulation at 10 km spatial resolution 

(http://hycom.rsmas.miami.edu/dataserver). The HYCOM solutions from 2009-2014 are 

averaged annually to determine climatological monthly means for atmospheric and 

oceanographic conditions.  

Surface atmospheric forcing used to drive the US East circulation model was derived 

from the National Center for Environmental Prediction (NCEP) reanalysis products (e.g. 

cloud cover) with a spatial grid spacing of 1.875o and temporal resolution of six hours. Total 

cloud cover, precipitation, surface pressure, relative humidity, air temperature, surface wind, 

and net short-wave and long-wave radiations were used in a standard bulk formula (Fairall et 
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al. 2003) to derive wind stress and net surface heat flux which, in turn, were used to drive the 

ocean circulation model. 

A five-year simulation of ocean currents was used for model spin-up of realistic 

ocean conditions, followed by a simulation period of particle trajectories. USEast was paired 

with a Lagrangian particle tracking model (see below) to track the position of larval particles 

released from five methane seep sites that are a part of a broader study of population 

connectivity among seep sites (SEEPC Collaborative Research Program; 

www.cmast.ncsu.edu/seepc): (1) Alaminos Canyon (26 21'17"N, 94 29'48" W), (2) Brine 

Pool (27 43'23"N, 91 16'30"W), (3) Florida Escarpment (26 1'48"N, 84 54'54"W, (4) Blake 

Ridge (32 29'45"N, 76 11'30"W), and (5) Cape Fear (32 58'45"N, 75 55'30"W) (Fig.1; Table 

1). The seeps were chosen because they provide a means to study connectivity on spatial 

scales that match those at which vent systems are being studied (Hurtado et al. 2004) and 

include species that span large depth and geographic ranges and have diverse life-history 

characteristics.  

 

 

Larval Behavior 

Larval behaviors, such as (i) swimming speed, (ii) planktonic larval duration, and (iii) 

vertical distribution in the water column, were determined with a combination of published 

literature (Young et al. 1996, Van Gaest 2006, Arellano 2008, Young et al. 2012), shipboard 

observations of larvae, and zooplankton tows while at sea. For the purposes of clarification, 

behavior is defined as a particle actively moving or maintaining a presence at a particular 
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depth at an assigned swimming speed over the course of the particle’s assigned PLD. The 

larval forms of L. luymesi and B. naticoidea were collected with MOCNESS (Multiple 

Opening/Closing Net and Environmental Sensing System) zooplankton tows from two seep 

sites during a research cruise (RV Atlantis AT26-15) by the authors in the Gulf of Mexico in 

2014: Brine Pool (27o 43.4 N 91o 16.8 W) and GB648 (27o 18.904 N, 92o 22.800W). Based 

on larval morphology, it was estimated that the larvae were about halfway through their 

larval life (C. Young personal communication). Shipboard larval filming experiments were 

conducted as a joint project with Dr. Craig Young and his lab from the University of Oregon. 

Approximately 100 larvae were placed in cylindrical ~200 mL containers with filtered 

seawater, that were filled with ~180 mL of filtered seawater. The camera was able to 

accurately record larvae swimming in the container without larvae clinging to the container 

walls, bottom of the container, or larvae remaining only at the surface. All experiments took 

place in a dark, windowless cold room at 4oC. The camera (Canon Rebel T3i) was positioned 

using a tripod to video record the swimming behavior of larvae in a single container. A single 

light source was used to provide just enough background light for the camera to focus on the 

larvae. The film was compiled into 30-second gifs in MATLAB and analyzed using ImageJ 

Particle Tracker plug-in (http://imagej.net/Particle_Tracker). Particle Tracker is a point 

tracking tool for the automated detection and tracking of particle trajectories as recorded by 

video. It makes it possible to visualize and analyze the detected particles and their trajectories 

by focusing on individual tracks and calculate distance traveled from the particle’s original 

position. The Particle Tracker measured the starting and ending position of 30 larvae per 

video and calculated the number of body lengths traveled over five seconds. The values were 
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then averaged to determine mean upward swimming speed for each species. These mean 

values were then directly incorporated into the biophysical model to best represent the 

swimming speeds of these larvae. From the moment of release, larval particles were 

programmed to swim at a constant speed (0.2 cm s-1), and particle density was held constant 

throughout the entire length of the PLD.  

The adults of L. luymesi and B. naticoidea were collected using the Deep Submersible 

Vehicle (DSV) Alvin for morphological, genetic, and reproductive analysis. Adults were 

dissected and gametes obtained for spawning experiments. In a joint project between the 

University of Oregon and North Carolina State University, embryos from L. luymesi and B. 

naticoidea were cultured in filtered seawater maintained in 4o C cold rooms. When 

approximately one-week old, both larval species were filmed in shipboard cold rooms for 

swimming speeds in the same manner described above. Swimming speeds were incorporated 

into the biophysical model to simulate the earliest swimming behavior of L. luymesi and B. 

naticoidea.  

 

Estimating Planktonic Larval Duration 

Planktonic larval durations (PLDs) used in our simulations were determined with a 

combination of published literature (Young et al. 2012, Arellano 2008, Van Gaest 2006, 

Young et al. 1996), personal observations, and zooplankton tows using a MOCNESS 

(Multiple Opening/Closing Net and Environmental Sensing System) while at sea. In many 
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cases, PLD was estimated by comparing larval size and known spawning dates of our study 

species. For example, the gastropod, B. naticoidea has an estimated PLD of four months, 

based on morphology of larvae obtained from MOCNESS tows, and has been found at 

thermocline depths of ~ 100m (Fig. 2; Young et al. 2012). The effects of pressure on 

spawning and larval survival or larval size does not appear to have any effect, as several 

studies have successfully reared larvae with very similar results and larvae have been 

collected in surface waters using MOCNESS (Arellano et al. 2014, Arellano and Young 

2011, Young et al. 1996). The larvae of the polychaete, L. luymesi, cultured in the laboratory 

using filtered seawater at 7oC have an estimated PLD of three weeks, and have been found at 

thermocline depths of 8oC and 250 meters depth (Fig. 2; see methods in Young et al. 2012 

and Arellano and Young 2009). Studies of metabolic rates for the chemosynthetic tubeworm, 

L. luymesi larvae also confirm a three-week, lecithotrophic larval period (Leong 1998). L. 

luymesi populations appear to be confined in the Gulf of Mexico due to their relatively short 

PLD (Young et al. 1996), which is why L. luymesi larval dispersal simulations were not 

released from Blake Ridge or Cape Fear seep sites in the South Atlantic Bight (see below). 

The deep-sea shrimp, A. muricola has an estimated PLD of six months, and disperses near 

the surface (~100 m to 0 m) (Fig. 2; Nye et al. 2013). In this case, PLD is based on the 

estimated PLD of other Alvinocarid species, however, this genus has several dispersal 

strategies, extended PLDs, and their dispersal depth is not yet fully known (Nye et al. 2013). 

Estimated PLDs and maximum dispersal depths used for the three species in the simulations 

is conservatively based yet directly observed by each of the three species. Alterations in 

behavior (i.e. growth, swimming speed, or PLD) due to temperature changes were not 
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accounted for in the following simulations. The author acknowledges that the calculations are 

limited and that better parameter estimates are needed, but unfortunately data is not available 

to incorporate into the model. While it is a limitation, the climatological model uses monthly 

averages, which reduces the chances of extreme changes in temperature having an effect on 

the dispersal potential of the larvae. Because of this, the distribution distance calculations are 

likely to be conservative estimates.  

Particle-Tracking Model 

The Lagrangian TRANSport model (LTRANS) was adapted in this study to predict larval 

dispersal of individual particles with and without behavior. LTRANS is an offline particle-

tracking model that predicts particle movement in three directions using advection, diffusion 

and behavior (North et al. 2006). LTRANS interpolates sea surface height, velocity, salinity, 

and temperature from grid locations, and utilizes a fourth-order Runge-Kutta scheme for 

particle advection. A random component is also added to particle motion to simulate subgrid-

scale turbulent diffusion. 

Particles were assigned characteristics of larval behavior, including (i) swimming 

speeds, (ii) vertical distribution in the water column, and (iii) PLD; detailed Fortran code 

related to programmed behavior can be found in Appendix 1. The dissertation used the 5-

year ROMS circulation patterns described above to evaluate the spatial scales over which 

larvae may be dispersed. This resulted in simulating the effective geographic distances 

traveled among seep invertebrate larvae under spatiotemporally varying oceanographic 

conditions.  Thus, our results predict potential variability in larval transport within the entire 

region.  Successful dispersal also requires larvae (real or virtual) to encounter suitable 
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settlement habitat, which can be spatially isolated and often covers a small proportion of the 

area of potential dispersal. Therefore, depth, latitude, and longitude locations of seep sites 

were included as part of a broader study on population connectivity among seep sites in the 

USEast domain. For example, genetic and geochemical characterization of seep invertebrate 

populations is being conducted (C. Cunningham and C. Van Dover, Duke University, 

unpubl. data; B. Puckett and D. Eggleston, NC State University, unpubl. data; respectively) 

to test, in part, predictions of larval dispersal and connectivity generated from the present 

study. Putative settlement sites were divided into 7 km segments, thereby allowing for self-

recruitment. 

Each larval dispersal simulation included the release of 10 neutrally buoyant larval 

particles exhibiting constant swimming speeds every three hours from each of five seep sites, 

for a total of 30,000 particles per species simulation per site. In addition to the release of 

species-specific larval particles with their corresponding larval behaviors (see below), a total 

of 30,000 tracer particles, classified as currents only (i.e., no behavior), were used as a 

control for the behavioral simulations. These control tracer particles were subjected to 

advection and diffusion only. Subsequent particle tracks were analyzed using MATLAB 

(version 2014b) to determine the distance traveled by each particle over the course of their 

PLD.  

Hypotheses and Statistical Analyses 

Deep ocean currents are generally an order of magnitude slower than surface currents 

(Dickinson and Brown 1994). Therefore, I hypothesized that seep species whose larvae had a 

relatively long PLD and surface seeking larval behavior, would display the greatest average 
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and maximum potential distance travelled, irrespective of release site. Particle tracks were 

organized and compiled using Matlab (2014b) for several statistical analyses. I tested the 

main and interactive effects of (1) spawning site (i.e. seep locations), (2) particle behavior 

(active movement or passive drifting), and (3) PLD on two response variables: (i) mean 

dispersal distance, and (ii) maximum potential dispersal distance, with a multi-factor, three-

way analysis of variance (ANOVA) model (Fig. 2). Multiple comparisons for significant 

main effects were identified with lower-level ANOVA models (including standard error) and 

Tukey’s multiple comparisons test. Maximum potential dispersal was estimated as the top 

5% of dispersal distances within a given set of average distances. For example, particle 

distances were sorted in descending order and the top five percent, or 1,500 particle distances 

from 30,000, were then used to calculate the average maximum distance for each simulation.  

 

RESULTS 

General Particle Trajectories 

A total of 30,000 particles were released per simulation per site (10 particles released every 

three hours) for a total of 360,000 particles in the Gulf of Mexico, and 180,000 particles in 

the Western Atlantic. Dispersal trajectories varied greatly according to whether or not 

particles exhibited behavior, as well as their PLD. While there was variation in average 

dispersal distance, the overall trend was consistent, with the greatest dispersal observed for A. 

muricola (PLD: 196 days) with surface seeking behavior, followed by B. naticoidea (PLD: 

90 days) dispersing at thermocline depth, and L. luymesi (PLD: 21 days), which dispersed at 

thermocline depth (Figs 3-7). Dispersal trajectories also varied greatly according to release 
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site. For example, particles with and without behavior released from Alaminos Canyon in the 

eastern GOM had the lowest average and average max dispersal distances of the five release 

sites (compare Fig. 3 with Figs. 4-7). Particles released from Brine Pool in the Northern-

central area of the GOM dispersed throughout the east and west areas of the GOM (Fig. 4), 

whereas particles released from Florida Escarpment connected with the Loop Current and 

spread to the South-Atlantic Bight (Fig. 5). Particles released from the Cape Fear Diapir and 

Blake Ridge in the South Atlantic Bight dispersed south with the Deep Western Boundary 

Current, as well as north into the Mid-Atlantic Bight (Fig. 6 & 7).  

 

How Does Species-Specific Behavior Affect Average Dispersal Distance?  

Lamellibrachia luymesi 

Mean distance travelled by particles simulating L. luymesi larval particles (21 PLD at 

approximately 200 m depth) varied significantly according release site and behavior (with vs 

without) (two-way ANOVA; F = 3900, df = 2, 85,677, p<0.0001). Mean dispersal was 4- to 

28-times greater with behavior than without (Fig. 8). For particles exhibiting behavior, mean 

distance travelled was significantly higher when released from Florida Escarpment (Fig. 5; 

274 km ±0.82), followed by Brine Pool (Fig. 4; 213 km ±0.82), and Alaminos Canyon (Fig. 

3; 171 km ±0.82). Average dispersal distances for particles without behavior were greatest 

when released from Florida Escarpment (Fig. 5; 274 km ±0.82), followed by Brine Pool 

(Fig. 4; 75 km ±0.82), and Alaminos Canyon (Fig. 3; 6 km ±0.09). Particles with no 

behavior dispersed along the depth contours of the western GOM and towards the middle of 

the GOM, as well as partway around the edge of Florida (Fig. 5), yet were not able to 
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successfully disperse into the Western Atlantic. Average dispersal distances varied 

significantly among all three Gulf of Mexico sites (Tukey’s test; p<0.0001). Conversely, 

mean distance traveled by particles without behavior was significantly higher when released 

from Brine Pool, than either Alaminos Canyon or Florida Escarpment (Figs. 3, 4, and 5; 

Tukey’s Multiple Comparison test). It is important to note that there remains uncertainty 

around the Standard Error values when analyzing the statistical results from model 

simulations. The values are statistically valid, but are only as accurate as the model 

parameters (e.g. current speeds); thus, uncertainties only reflect different dispersal 

trajectories based on the assumption of accurate current regimes.  

 

Bathynerita naticoidea 

Mean distance travelled by particles simulating B. naticoidea (90 PLD at approximately 200 

m depth) varied significantly depending on release site and behavior (with vs without) (two-

way ANOVA; F = 1800, df = 4, 142,795, p<0.0001). Mean dispersal was 18-85-times greater 

with behavior than without (Fig. 10). For particles exhibiting behavior, mean distance 

travelled was significantly higher when released from Florida Escarpment (Fig. 4; 670 km 

±1.27), followed by Blake Ridge (Fig. 6; 287 km ±1.27), Cape Fear (Fig. 7; 286 km ±1.27), 

Brine Pool (Fig. 4; 241 km ±0.15), and Alaminos Canyon (Fig. 3; 268 km ±1.27, Tukey’s 

Multiple Comparison test). Overall particles dispersed throughout the south and east of the 

GOM, Florida Strait, and South Atlantic Bight. Average dispersal distances varied 

significantly among Alaminos Canyon, Brine Pool, and Florida Escarpment sites (Tukey’s 
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test; p<0.0001), however, there were no differences in average dispersal distance between 

Blake Ridge and Cape Fear (p = 0.9948).  

 

Alvinocaris muricola 

Mean distance travelled by particles simulating A. muricola (PLD = 186 days and dispersing 

near-surface from 0-100m depth) varied significantly with release site and behavior (with vs 

without) (two-way ANOVA; F = 2200, df = 4, 142,795, p<0.0001). For particles exhibiting 

behavior, mean distance travelled was significantly higher when released from Alaminos 

Canyon (Fig. 3; 854 km ±2.53), followed by Brine Pool (Fig. 4; 846 km ±1.27), Florida 

Escarpment (Fig. 5; 757 km ±1.27), Blake Ridge (Fig. 6; 616 km ±1.27), and Cape Fear 

(Fig. 7; 612 km ±1.27) (Fig. 8). Average dispersal distances varied among Alaminos 

Canyon, Brine Pool, and Florida Escarpment sites (Tukey’s test; p<0.0001), however, there 

were no differences in average dispersal distance between Blake Ridge and Cape Fear (p = 

0.7657). Average dispersal distances varied significantly across all sites (p < 0.0001) for 

particles with no behavior. Overall particles dispersed widely throughout the GOM, Florida 

Strait, as well as the South- and Mid-Atlantic Bights, with mean dispersal 13-75 times greater 

with behavior than without (Fig. 11).   

 

How Does Species-Specific Behavior Affect Average Maximum Dispersal Distance?  

21-Day PLD 

The average maximum distance (AMD) compares the top five percent of larval particles to 

determine the predicted maximum dispersal distance for each species, and varied 
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significantly with release site and behavior (two-way ANOVA; F = 27000, df = 2, 1481, 

p<0.0001). The AMD for particles with L. luymesi behavior (Fig. 9) had significantly higher 

dispersal distances at Florida Escarpment (571 km ±0.54), followed by Brine Pool (439 km 

±0.54), and Alaminos Canyon (403 km ±0.54). The least square means adjusted with Tukey 

showed statistically significant AMD differences between all three sites (p < 0.0001). The 

AMD for 21-day PLD with currents only particles released from Brine Pool (109 km ±0.12) 

was higher than those released from Florida Escarpment (81 km ±0.12), followed by 

Alaminos Canyon (21 km ±0.12). AMD varied significantly among Alaminos Canyon, Brine 

Pool, and Florida Escarpment sites (Fig. 9; Tukey’s test; p<0.0001).  

 

90-Day PLD 

The AMD for particles with B. naticoidea behavior (Fig. 10) varied significantly with release 

site and behavior (with vs without) (two-way ANOVA; F = 2000, df = 4, 7135, p<0.0001), 

and had significantly higher dispersal distances at Florida Escarpment (1232 km ±5.1), 

followed by Blake Ridge (844 km ±5.1), Brine Pool (811 km ±5.1), Cape Fear (758 km 

±5.1), and Alaminos Canyon (614 km ±5.1). Average maximum dispersal distances varied 

among all sites (Tukey’s test; p<0.0001). The AMD for currents only particles dispersing for 

90-days had the highest dispersal at Brine Pool (297 km ±0.12), followed by Florida 

Escarpment 237 km (±0.12), Cape Fear (116 km ±0.12), Alaminos Canyon was 110 km 

(±0.20), and Blake Ridge (106 km ±0.12). AMD varied among all sites (Fig. 10; Tukey’s 

test; p<0.0001).  
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186-Day PLD 

The AMD for particles with A. muricola behavior (Fig.11) varied significantly with release 

site and behavior (two-way ANOVA; F = 36000, df = 4, 7135, p<0.0001), and had the 

highest level of dispersal at Alaminos Canyon (2181 km ±2.26), followed by Brine Pool 

(1648 km ±2.26), Florida Escarpment (1354 km ±2.26), Cape Fear (1181 km ±2.26), and 

Blake Ridge (1155 km ±2.26). Currents only particles had significantly higher dispersal 

distances at Brine Pool (500 km ±0.26), followed by Florida Escarpment (320 km ±0.26), 

Cape Fear (215 km ±0.26), Blake Ridge (201 km ±0.26), and Alaminos Canyon (129 km 

±0.26). Average maximum dispersal distances varied among all sites (Fig. 11; Tukey’s test; 

p<0.0001). 

 

DISCUSSION 

Since their discovery, deep-sea chemosynthetic ecosystems have been key systems within 

which to test the generality of paradigms developed for shallow-water species. This study 

explored the roles of larval behavior, pelagic larval duration, and putative spawning locations 

on potential population connectivity of hydrocarbon seep invertebrates. The goal was to 

assess the dispersal trajectories of the deep-sea polychaete, Lamellibrachia luymesi, 

gastropod, Bathynerita naticoidea, and crustacean, Alvinocaris muricola among seep-sites in 

the Gulf of Mexico and Western Atlantic Ocean using a coupled biophysical model. 

Generally, the results highlight the importance of incorporating larval behavior into computer 

simulations, as this can have a tremendous impact on dispersal trajectories. Particles 

dispersed widely throughout the GOM, Florida Strait, as well as the South- and Mid-Atlantic 
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Bights, with mean dispersal distances being 13-75 times greater with behavior than without. 

For example, average larval dispersal distance for A. muricola released from Alaminos 

Canyon was 854 km (±2.53), whereas with currents only was 38 km (±0.28). Adding 

varying larval behavior and PLDs to the particle-tracking model dramatically changed the 

average distance and average maximum dispersal distances, thereby highlighting the need to 

incorporate species-specific simulations, even if the full larval history of a particular species 

is unknown. Our trajectory results show that particles do encounter other seep sites in our 

spatial domain, however that does not assume that there is a strong enough connection to 

influence population dynamics or genetic structure. Further analysis is needed to quantify the 

level of connectivity between each of the seeps sites in our study, as well as the level of self-

recruitment, to calculate the strength of each species’ connectivity across in the model 

domain. Unfortunately, genetic population patterns for any of the three species remains 

unexplored, but future genetic work could be guided by the results of the dispersal pattern 

from these species-specific simulations.  

Very few studies have attempted to model larval dispersal in the deep sea, and most 

have been limited by the availability of reliable estimates of biological parameters, including 

planktonic larval duration and larval behavior (Cowen and Sponaugule 2009, Young et al. 

2012, Hilario et al. 2015 and references therein, Mitarai et al. 2016). Hilario et al. (2015) 

reviewed the application of biophysical models in the study of larval dispersal and population 

connectivity, with the majority of models not incorporating any biological behavior (e.g., 

PLD and vertical migration). The present study highlights how incorporating biological traits 

greatly influences larval dispersal trajectories and distances travelled, and why more 
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biologically accurate simulations are necessary. A similar experiment conducted by Young et 

al. (2012) released particles from various coordinates within 80 km of a site where adults 

were known to be abundant. Particles were not programmed with vertical migration behavior, 

and particle distances were compared between depths above and below the thermocline 

(Young et al. 2012). Our current study builds upon the work by Young et al. (2012) by 

incorporating more biological parameters, such as species-specific larval swimming speeds 

and vertical placement in the water column, in addition to releasing particles from known 

methane seep sites. MOCNESS data collected during SEEPC cruises combined with film 

experiments of larvae swimming at sea provide direct evidence of the larvae present at 

particular depths and the rate at which they swim to maintain themselves at depth. While data 

is limited to the movement and behavior of the three species in this study, plankton tow 

results indicate that the larvae are found in the upper 200 m of the water column. Similar to 

our study, Young et al. (2012) found that dispersal potential is strongly related to PLD, as 

well as the effect of release site on dispersal direction. The dispersal potential for 

hydrothermal vent particles in the Pacific Ocean was assessed by Mitarai et al. (2016) with a 

variety of PLDs but did not include other biological parameters (e.g. larval swimming speeds 

and vertical distributions). Their model results show high connectivity within hydrothermal 

vent basins without clear directionality to particle dispersal patterns; however, basin-to-basin 

dispersal appears more infrequent with strong directionality associated with the major 

currents. This may also be a result on geological or physical boundaries that alter the current 

flow throughout the region and limit connectivity, with sporadic events such as weather 

events exerting enough of a force on surface current patterns. Integration of biological 
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parameters into the model by Mitarai et al. (2016) will likely enhance the accuracy of 

predictions concerning larval dispersal and population connectivity among invertebrates 

inhabiting hydrothermal vent systems.  

 

Current Dynamics 

Shallow water larvae exhibit many similarities to deep-sea larvae, with dispersal 

strongly linked to current dynamics, larval behavior, and PLD. In contrast to deep currents, 

surface currents are subject to interactions of cross-shelf water flow, as well as coastal 

topography, tidal forces, and wind (Gawarkiewicz et al. 2007). The high level of variability 

within coastal environments makes it difficult to accurately model all of the fine scale 

properties driving observed dispersal, particularly across larger scales from near shore to 

offshore environments (Werner et al. 2007). While deep-sea dispersal must also address 

issues related to the scale of dispersal, cross-shelf dynamics is unique to shallow water 

systems. Larvae from shallow water environments can also exhibit high levels of retention 

due to coastal bathymetry and topography, which can create areas of reduced flow and sea 

floor friction found in coastal and estuarine regions. Similarly, eddies in coastal 

environments may also enhance the retention of shallow-water larvae, which has been 

observed in the GOM and WAM for deep-sea larval dispersal. Therefore, the physical 

features of coastal areas, in concert with coastal circulation, strongly influence the potential 

larval dispersal distance for shallow water species by likely minimizing dispersal distance 

and increase retention of larvae from their natal site.  



 

29 

 Coastal processes strongly affect larval transport and dispersal distance, but it is 

essential to incorporate biological behavior with the physical environment to fully understand 

the interaction of these factors on connectivity. For example, research has extensively 

incorporated population genetics, larval behavior, geography and biophysical modeling to 

study the connectivity of corals and develop Marine Protected Areas (MPAs; Jones et al. 

2009). Similar to many deep sea invertebrates, there is wide variation in coral behavior from 

brooding larvae to broadcast spawning to observed changes in larval development that alters 

PLD further complicates the ability to understand connectivity patterns in reefs. Yet for both 

fish and corals found in reefs, many studies have found that there is a high degree (>50%) of 

self-recruitment based on results from otolith chemistry, larval tagging, parentage analysis, 

biophysical modeling (Jones et al. 2009 and references therein).  The results of this study 

indicate that the average dispersal distance for larval particles with behavior can be as large 

as 1,100 km, which is far greater than observed dispersal distances for shallow water species; 

yet it is important to determine the effects of long distance dispersal on potential population 

connectivity. While high levels of self-recruitment suggest that local populations are self-

sustained, more research is required to understand the dynamics larval retention and 

connectivity in fish and coral reefs (Botsford et al. 2009). Shallow water populations are 

subjected to stress from environmental degradation and harvest, and while pressure is 

currently limited for deep-sea communities, anthropogenic activities such as bottom trawling, 

oil extraction, and mining may compromise the health and stability of deep-sea ecosystems.  
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Caveats 

Numerical Modeling and Physical Oceanographic Conditions  

The benefit of using a climatological hydrodynamic model is to predict general dispersal 

patterns of larval particles under average atmospheric and oceanic conditions, as well as to 

better understand what factors may be important in driving variation in dispersal and 

potential population connectivity. Climatological models use average atmospheric and 

oceanographic conditions to predict average dispersal trajectories of larval particles, and with 

rigorous testing it is safe to assume that the average conditions in the model reflect the 

general seasonal current patterns. Thus, the dispersal paths from this study are considered 

approximations of actual dispersal trajectories of seep larvae under variable oceanographic 

conditions. While the average oceanographic conditions in the model are relatively accurate 

based on previous validation studies (R. He et al. in prep), there are inherent uncertainties in 

biophysical models, such as the resolution of water flow features (e.g. eddies and flow rates), 

and the biological characteristics that larvae may utilize to alter their dispersal potential path 

(swimming behavior, larval buoyancy, ontogenetic vertical migration, etc.). For example, the 

inter-annual variability in hindcast models exhibit features such as meandering currents over 

the course of a model year, variable eddy shedding, and greater fluctuations in sea surface 

temperature. Climatological models, however, represent a powerful tool to examine the 

relative importance of larval behavior and PLD on average and maximum dispersal 

distances, as well as from different spawning sites that, in turn, can help to refine model 

parameters for more accurate predictions in future studies of this nature. The climatological 

model is also limited by a grid scale of 7-10 km, and does not have the resolution to explore 
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the fine scale movements of the particles. This somewhat coarse spatial resolution is a 

necessary trade-off for the immense spatial domain in this study (over 1,000,000 km2). 

The increase in physical ocean circulation modeling capabilities in recent years has made it 

much easier to understand how oceanographic features affect the potential dispersal paths 

and distances of larvae from their natal site. Further research of methane seep larvae 

throughout the Gulf of Mexico and Western Atlantic using coupled biophysical models 

should focus on increased model resolution scale and a thorough comparison of hindcast and 

climatological results to determine which physical model most accurately represents larval 

particle dispersal. While climatological models assess dispersal patterns in average 

atmospheric and oceanic conditions, hindcast models integrate known input from past events 

into the domain. For example, hindcast models show that seasonal and inter-annual 

variability in circulation patterns can have strong effects on particle dispersal distance (Qian 

et al. 2014). Hindcast modeling results can also address what parameters are required of 

physical models to better understand how far larval particles travel, and what factors may 

control the dispersal trajectory variability seen with different species’ larval phase.  

 Currently, models are limited by assumptions that increase the resolution of current 

velocity, eddy resolution, and upwelling strength. Moreover, computing power is not yet 

strong enough to completely reproduce fine-scale field conditions, such as bathymetric 

features and eddies. Many aspects of oceanographic models have become more accurate 

(Todd et al. 2014), and more research is necessary to validate and test the resolution of 

currents, eddies, upwelling and directional flow of water in the model domain. While models 

are not designed to simulate every aspect of observed conditions, our dispersal results and the 
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results of others (Kinlan et al. 2005, Young et al. 2012, Puckett et al. 2014,) emphasize the 

predictive strength of biophysical models on larval retention and dispersal. Additionally, 

increased understanding of basic biology and larval behavior will improve the accuracy of 

simulated larval dispersal. Due to limitations on the basic biology of deep-sea species, certain 

assumptions about dispersal behavior and PLD are likely to be conservative. In each of the 

species’ simulations, the dispersal depth and PLD were depths were the majority of larvae 

have been found from several MOCNESS tows, yet there were some larvae (for example, B. 

naticoidea) captured at less than 100 m depth. It is also not known if the larvae undergo diel 

vertical migration (DVM) while dispersing at depth, which may also alter their dispersal 

distance. Therefore, average PLDs and dispersal depths were used in the simulations to avoid 

overestimating dispersal.  

 

Biological Conditions  

Limited direct observations of spawning events have found huge variation in the number of 

eggs released, with some species releasing only 200 eggs per individual, and others over 

200,000 per individual (Tyler and Young 1999).  While egg production is distinct from the 

successful development of larvae, assumptions related to deep-sea fecundity are focused on 

total number of eggs for most species; hence, it was necessary to make best estimates in this 

study. Additionally, the number of larvae will be correlated to the area of the seep and the 

number of fauna per unit area, as well as number of larvae released per individual species. It 

has been estimated that L. luymesi has a maximum measured fecundity of 60,000 eggs per 

individual. There is tremendous variation in the density of tubeworms with large 
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aggregations estimated in the tens of thousands, which could mean up to 1.02 x 109 eggs 

released per meter per year. Yet, what isn’t known is the age at which adults become 

reproductively mature, and how many of the eggs are spawned per day (C. Young personal 

communication).  In contrast, B. naticoidea maximum fecundity has been estimated at 

2,000,000 eggs being released per meter during a synchronous hatching event at the Brine 

Pool seep over a single spawning event. The actual density of adult invertebrates at each seep 

site was not included in this study, and instead focused on the larval dispersal phase. 

Therefore, the number of particles released in the simulations may be an underestimate of 

larvae produced from a single spawning event from a seep community, yet it still provides 

statistically valid insight into the dispersal of particles released from a known seep site for in 

depth analysis of potential connectivity. 

It is also very computationally expensive to release large quantities of particles for 

LTRANS to track over the course of a simulation at every three-hour time step, which was 

taken into consideration during the experimental design of the simulation runs. For example, 

tracking 30,000 particles (10 particles every three hours) released from a site takes 

approximately 28 hours to compute, where as it would take more than 170 hours to perform a 

simulation with 200,000, and 1,700 hours to track 2,000,000 particles released into the flow 

field. With the current limitations in computing, it is not yet possible to simulate a spawning 

event from a dense seep community, and future work should mimic as best as possible the 

number of larvae created by dense seep communities with the use of high performance 

computers. Methods for assessing larval behavior are limited to direct observation, laboratory 
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rearing experiments, and larval identification from plankton and MOCNESS tows. North et 

al. (2006) parameterized the swimming behaviors of two species of oyster, C. virginica and 

C. ariakensis, based on lab experiments and found that differences in swimming behavior 

had profound effects on dispersal distance in the Chesapeake Bay. In contrast, swimming 

behavior of oyster larvae in the relatively shallow, wind-driven Pamlico Sound estuary, 

North Carolina had relatively minor effects on potential larval dispersal and population 

connectivity compared to the roles of the location and timing of spawning (Puckett et al. 

2014). Larval fish and coral simulations (James et al. 2002, Jones 2009, Qian 2015) have also 

investigated the role of behavioral parameters in simulations and its role in the connectivity, 

retention, and dispersal patterns of larvae across the Caribbean and Western Atlantic Margin. 

While it is an assumption to have the same swimming speed over the course of the PLD, the 

data gathered from the shipboard filming experiments provided a means to incorporate 

species-specific data into the model. The limited data available for larval swimming speeds is 

compounded by the difficulty in maintaining deep-sea larval cultures over the course of their 

development, as well as catching larvae at different stages of growth in MOCNESS plankton 

tows. Quantifying species-specific, larval swimming parameters remains a challenging task 

for deep-sea invertebrates.  

Future Research 

Further study should also focus on the integration of genetic and geochemical findings 

alongside the model’s results to determine model accuracy of larval particle dispersal.  

Estimates of gene flow strength may infer dispersal paths of larvae (Thaler et al. 2011), the 
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frequency of genetic connectivity of chemosynthetic communities (Van Dover et al. 2002, 

Wanatabe et al. 2005), and the degree to which the genetic estimates agree with the model 

output (Galindo et al. 2010). DNA analysis from samples collected over the course of several 

SEEPC research cruises is currently being analyzed by colleagues at Duke, and results will 

soon provide a method to assess the model’s predictions against empirical data. Geochemical 

tracer analysis is an alternative approach to genetic techniques when quantifying larval 

connectivity of invertebrate populations. Environmental factors such as temperature, salinity 

and trace metal concentrations create a fingerprint of conditions that remain on the larval 

shell throughout the PLD, which can then be used to characterize connectivity over regional 

(>35 km) scales  (Kroll et al. 2016).  

In summary, I have demonstrated an approach to understand the response of species-specific 

larval dispersal in a climatological, hydrodynamic domain. Biological parameters such as 

PLD, swimming speed, and vertical distribution of particles can disperse virtual larvae over 

hundreds of kilometers from known methane seep sites throughout the Gulf of Mexico and 

Western Atlantic Margin. Obtaining values of the relevant physiological and behavioral 

parameters of larvae that can be integrated into biophysical models should continue to take 

high priority in the study of deep-sea invertebrates and predictions of population 

connectivity. This study has shown the significance of integrating species-specific larval 

behavioral parameters in order to more accurately study the effects of behavior on particle 

dispersal potential in the Gulf of Mexico and Western Atlantic Margin. 
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TABLE 

 

Table 1. Methane seep sites in the Gulf of Mexico and U.S. Western Atlantic Ocean.  

Site Name Site Latitude (N) Site Longitude (W) Site Depth (m) 
Alaminos Canyon 26 21'17" 94 29'48" 1300 
Florida Escarpment 26 1'48" 84 54'54" 3300 
Brine Pool 27 43'23" 91 16' 30"   660 
Blake Ridge 32 29'45"  76 11'30"       2150 
Cape Fear 32 58'45"  75 55'30"  2500 
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FIGURES 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Spatial domain of USEast circulation model. Methane seep study sites are plotted 
on the model domain to match latitude, longitude, and depth of the actual locations: 
Alaminos Canyon, Brine Pool, Florida Escarpment, Blake Ridge, and Cape Fear.  
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Figure 2. Schematic diagram of programmed species-specific behavior. Particles of B. 
naticoidea and L. luymesi dispersed at thermocline over the duration of their PLD, while A. 
muricola dispersed at the surface. All particles were programmed to arrive on sea floor and 
settle by the end of their specific PLD.  
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Figure 3. Particle trajectories released from Alaminos Canyon in the Gulf of Mexico. The 
black dot indicates the release site; dispersal paths of B. naticoidea are blue, L. luymesi are 
green, A. muricola are magenta, and Currents only are in red.  
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Figure 4. Particle trajectories released from Brine Pool in the Gulf of Mexico The black dot 
indicates the release site; dispersal paths of B. naticoidea are blue, L. luymesi are green, A. 
muricola are magenta, and Currents only are in red.  
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Figure 5. Particle trajectories released from Florida Escarpment in the Gulf of Mexico The 
black dot indicates the release site; dispersal paths of B. naticoidea are blue, L. luymesi are 
green, A. muricola are magenta, and Currents only are in red.  
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Figure 6. Particle trajectories released from Blake Ridge in the South Atlantic Bight. The 
black dot indicates the release site; dispersal paths of B. naticoidea are blue, A. muricola are 
magenta, and Currents only are in red.  
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Figure 7. Particle trajectories released from Cape Fear Diaper in the South Atlantic Bight.  
The black dot indicates the release site; dispersal paths of B. naticoidea are blue, A. muricola 
are magenta, and Currents only are in red.  
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(a) (b) (c) 

 

 
 
    

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Effects of (i) particle release site and (ii) larval behavior (with vs without) on mean 
(+SE) distance travelled (km) by the polychaete worm Lamellibrachia luymesi over a 21-Day 
PLD.  AC = Alaminos Canyon, BP = Brine Pool, and FL = Florida Escarpment.  
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(a)              (b)               (c)              (d)                   (e)    

 

 

 

 

 

 

 

 
 
 
 
Figure 9. Effects of (i) particle release site and (ii) larval behavior (with vs without) on mean 
(+SE) distance travelled (km) by the gastropod Bathynerita naticoidea over a 90-Day PLD.  
AC = Alaminos Canyon, BP = Brine Pool, FL = Florida Escarpment, BR = Blake Ridge, and 
CF = Cape Fear Diaper.  
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(a)              (b)               (c)              (d)                   (e) 

 
 
 
 
 
 
  
 
 

Figure 10. Effects of (i) particle release site and (ii) larval behavior (with vs without) on 
mean (+SE) distance travelled (km) by the shrimp Alvinocaris muricola over a 90-Day PLD.  
AC = Alaminos Canyon, BP = Brine Pool, FL = Florida Escarpment, BR = Blake Ridge, and 
CF = Cape Fear Diaper.  
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(a)                                   (b)                 (c)      

 
 
 
 
 
 
 

  
 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 11. Effects of (i) PLD and (ii) larval behavior (with vs without) on mean (+SE) 
maximum distance (top 5% of simulations) travelled (km) for all methane seep sites.  Low = 
21 day PLD characteristic of the polychaete worm Lamellibrachia luymesi, Med = 90 day 
PLD characteristic of the gastropod, Bathynerita naticoidea, and High = 186 PLD 
characteristic of the crustacean, Alvinocaris muricola.    
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CHAPTER 2 
 

VARIATION IN LARVAL BEHAVIOR ALTERS POTENTIAL LARVAL 
DISPERSAL AND POPULATION CONNECTIVITY OF A DEEP-SEA BIVALVE 

 
ABSTRACT 

 
A major goal in marine ecology is describing patterns of larval dispersal and population 

connectivity, as well as their underlying mechanisms. Numerous studies across a range of 

relatively shallow (<100 m) ecosystems have examined the relative importance of larval 

behavior and spawning location on larval dispersal and population connectivity—deep-sea 

chemosynthetic communities present an opportunity to test if paradigms generated from 

shallow ecosystems apply in the deep sea. A biophysical model was used to explore potential 

larval dispersal and population connectivity of the deep-sea mussel, “Bathymodiolus” 

childressi, among three methane seep sites in the Gulf of Mexico. Three possible larval 

dispersal strategies (simulations) were evaluated: (1) Protracted spawning period followed by 

demersal drift of larvae with a PLD of 395 days, (2) Discrete spawning and variable larval 

vertical distribution with 100 m dispersal, and (3) Discrete spawning and variable larval 

vertical distribution with near-surface dispersal. Average dispersal trajectories for particles 

varied 16 km to 1488 km away from methane seep sites, extensively covering the Gulf of 

Mexico and South Atlantic. Despite deep-sea currents that are an order of magnitude slower 

than surface currents, the relatively long PLD of “B.” childressi, coupled with surface-

seeking larval behavior, facilitate long-distance dispersal that potentially connects methane 

seep populations throughout the Gulf of Mexico and US Western Atlantic. Overall, larval 

behavior had a significant effect on mean dispersal distance (p<0.0001). Particles with 
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Simulation 3 behavior had the greatest dispersal distance (1173 km ±2.00), followed by 

Simulation 2 (921 km ±2.00), and Simulation 1 behavior (237 km ±1.43). This integrative 

method of highly detailed simulated larval behavior, coupled with hydrodynamic modeling, 

provides information on (1) the spatiotemporal scales of potential population connectivity of 

invertebrates that inhabit deep-sea chemosynthetic ecosystems, as well as (2) the relative 

importance of spawning location and larval behavior on potential population connectivity.   

 
KEYWORDS 

“Bathymodiolus” childressi, biophysical model, larval dispersal, methane seep, Gulf of 
Mexico 
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INTRODUCTION 

In marine systems, the exchange of dispersing larvae among subpopulations can drive the (i) 

dynamics of marine metapopulations, (ii) resilience of populations to exploitation, and (iii) 

success of management strategies such as no-take marine reserves (Cowan and Sponaugle  

2009, Gaines et al. 2010, Puckett and Eggleston 2016). Several biophysical processes can 

drive dispersal and connectivity patterns, such as the location and timing of spawning relative 

to hydrodynamic features and the availability of suitable habitat (Young 1987, Sponaugle et 

al. 2002, Edwards et al. 2007, Ayata et al. 2010, Gilbert et al. 2010, Huret et al. 2010, 

Eggleston et al. 2010, Basterretxea et al. 2012, Pinsky et al. 2012). Distribution mechanisms 

occurring during the larval phases may also drive dispersal and connectivity. For example, 

larval behaviors alter the vertical distribution of larvae in the water column exposing larvae 

to different hydrodynamic conditions at different depths, thereby modifying dispersal 

patterns (Sponaugle et al. 2002, Drew and Eggleston 2006, Paris et al. 2007, North et al. 

2008, Butler et al. 2011). Moreover, the Pelagic Larval Duration (PLD) may range from days 

to months, after which larvae must find suitable habitat and successfully settle (Levin, 2006, 

Young et al. 2012). Thus, spatiotemporal variation in population connectivity among 

subpopulations over ecological and evolutionary time scales can result from variation in the 

timing and location of spawning, hydrodynamic processes, larval behavior and mortality, and 

post-settlement processes such as emigration and mortality (Van Dover et al. 2002, Levin 

2006, Mitarai et al. 2016).  

While the importance of larval dispersal and its influence on connectivity has been 

explored for over a century in relatively shallow ecosystems (Wallace 1876, Scheltema 1971, 
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Scheltema 1986, Caley et al. 1996), the recent discovery of deep-sea hydrothermal vent 

(Corliss and Ballard 1977) and methane seep invertebrate communities (Paull 1984) has 

provided novel ecological communities within which to test paradigms of larval dispersal and 

population connectivity generated from shallow ecosystems (Glig and Hilbish 2003, Baums 

et al. 2005, Levin 2006, Hedgecock et al. 2007). For example, the patchy nature of these 

deep-sea ecosystems, combined with deep ocean currents that are generally an order of 

magnitude slower than surface currents, suggests that population connectivity may be limited 

compared to shallow marine ecosystems (Messias et al. 1999, Arhan et al. 2003). Conversely, 

recent observations suggest that deep-sea, methane seep invertebrates are broadly distributed 

across ocean basins due, in part, to the long-distance dispersal potential of the larvae (Gaines 

et al. 2007, Arellano et al. 2014). For example, 12% of all known methane seep fauna are 

found on both the eastern and western sides of the Atlantic Ocean (Olu et al. 2010, Arellano 

et al. 2014).  

A major challenge in studying dispersal of deep-sea organisms is the availability of 

biological data for both adult and larval stages. Although recent observations of larval 

behavior and knowledge of reproductive biology of adults in both the field and laboratory 

have improved, it remains very difficult to study free-floating larvae throughout various 

stages of the PLD (Young et al. 2012, Arellano and Young 2014). Given the relatively sparse 

information on larval biology and spawning dynamics of deep-sea organisms, biophysical 

modeling was used to explore potential larval dispersal and population connectivity of the 

deep-sea mussel, “Bathymodiolus” childressi, a species where information on larval 
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behavior and spawning periodicity is more readily available via the literature and from 

observations made during this study.   

 

“Bathymodiolus” childressi Biology 

Mytilid mussels are found in deep-sea reducing habitats in the subfamily Bathymodiolinae 

(Gustafson et al. 1998), and the genus Bathymodiolus consists of species that are found in 

hydrothermal vents and methane seeps. Bathymodiolus species contain chemosynthetic 

bacterial endosymbionts in their gills, which serve as their primary energy source (Childress 

et al. 1986), but supplement their diet by filter feeding (Pile and Young 1999). 

“Bathymodiolus” childressi is found throughout the Gulf of Mexico and Western Atlantic 

and at depths from 200 m to more than 3,000 m (Gustafson et al. 1998, Tyler et al. 2000, 

Carney et al. 2006, and personal observations). Molecular phylogeny analysis of “B.” 

childressi indicates uncertainty about its taxonomic status, and so followed the 

recommendation of Jones et al. (2006) and used quotation marks around the genus name. 

Population genetic analysis by Carney et al. (2006) found no genetic differentiation between 

“B.” childressi populations from the shallowest (~200 m) and deepest (>2,500 m) sites; 

however, there are genetic similarities across large geographic distances, which may indicate 

widespread dispersal. The broad distribution of “B.” childressi indicates periods of moderate 

connectivity through the dispersal of the mussel larvae at both contemporary and 

evolutionary time scales, but the manner in which larvae disperse to reach sites of varying 

distances remains unverified (Young et al. 2012, Arellano et al. 2014).  
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It is also unknown if gametogenesis of “Bathymodiolus” childressi occurs throughout 

the year as some observations in the Gulf of Mexico suggest spawning may be synchronous 

and periodic (Tyler et al. 1996, Young personal observation). The developmental method for 

“B.” childressi larvae is not known, but has been inferred by examining basic characteristics 

such as its small egg size and planktotrophic larval feeding strategy, which suggests a 

relatively long PLD (Thorson 1950, Ockelmann 1965).  A relatively long PLD has been 

observed in other “Bathymodiolus” species (Berg 1985, Hessler et al. 1988, LePennec and 

Beninger 1997, Colaco et al. 2006).  

Previous studies initially indicated that bathymodiolin mussel larvae disperse 

demersally and do not have the energetic capability to migrate towards surface waters (Lutz 

et al. 1984, Turner et al. 1985). Observations and collections of larvae at hydrothermal vents 

and methane seeps also suggested that the majority of species occur near the sea floor (Kim 

et al. 1998, Mullineaux et al. 2005). However, Arellano et al. (2014) identified “B.” 

childressi larvae in the upper 100 m of the water column while conducting MOCNESS tows 

over the Brine Pool site in the northern Gulf of Mexico (650 m; 27 43'23"N, 91 16'30"W), 

and found that larvae do have the energetic capability to migrate into the euphotic zone. 

Larvae were also found throughout different depths of the water column from the 

MOCNESS tows at similar developmental stages and size, making it difficult to understand 

the primary dispersal depth for “B.” childressi. While estimated larval size ranges for 

bathymodiolin mussels exist (Young et al. 1999, Arellano et al. 2014), the timing of 

spawning and larval development rates are unknown. The larval forms of “B.” childressi are 

believed to have a PLD of at least one year, but actual larval duration is undetermined.  
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In this study, larval behavior for “B.” childressi, such as (i) spawning date, (ii) 

swimming speed, (iii) planktonic larval duration, and (iv) vertical distribution in the water 

column were estimated through a combination of shipboard experiments, MOCNESS tows, 

and results from previous studies (Arellano 2008, Young et al. 2012, Arellano et al. 2014).  

The “B.” childressi larvae at similar stages of development have been found at varying ocean 

depths in the Atlantic, which may indicate variation on dispersal techniques. Therefore, the 

purpose of this study was to analyze the effects of three observed larval behaviors on 

potential larval dispersal and population connectivity among seep sites.  

 
MATERIALS AND METHODS 

A climatological, hydrodynamic model was coupled with a Lagrangian, particle-tracking 

model to predict dispersal paths for three possible larval behavioral scenarios for the deep-

sea bivalve, “B.” childressi released from three spawning sites in the Gulf of Mexico. The 

output was used to compare the main and interactive effects of the three spawning locations 

and three different larval dispersal behaviors for “B.” childressi on the following response 

variables: (1) general particle trajectories, as well as (2) mean versus (3) maximum dispersal 

distances.  

 

Biophysical Model and Spatio-Temporal Scales 

The US East, hydrodynamic model domain (Fig.1) covers the entire Gulf of Mexico, U.S. 

South Atlantic, U.S. Mid-Atlantic and North Atlantic Bights, northwest Atlantic Ocean, as 

well as the Sargasso, Caribbean and Intra-American Seas. US East is a type of Regional 
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Ocean Modeling System (ROMS) that generates 3D current velocities under realistic climate 

conditions, and was developed by the Ocean Observing and Modeling group at North 

Carolina State University (He et al. in prep). The grid spacing of US East is 7-10 km and 

utilizes 36 terrain-following vertical levels with increased resolution towards the surface and 

ocean bottom layers. 

The atmospheric and oceanic conditions for the USEast model were optimized with 

two model data sets: HYCOM and ARGOS. The HYbrid Coordinate Ocean Model 

(HYCOM) is a global ocean model that assimilates satellite-observed sea surface temperature 

and height, as well as ARGOS- measured temperature and salinity to generate daily 

predictions of ocean circulation at 10 km spatial resolution 

(http://hycom.rsmas.miami.edu/dataserver). HYCOM model solutions from 2009-2014 were 

averaged annually to determine climatological monthly means for atmospheric and 

oceanographic conditions, which, in turn, generated the open boundary conditions across 

which model data flowed freely into the eastern boundary of the US East domain.  

Surface atmospheric forcing used to drive the US East circulation model was derived 

from the National Center for Environmental Prediction (NCEP) reanalysis products (e.g. 

cloud cover), with a spatial grid of 1.875o and temporal resolution of six hours. Total cloud 

cover, precipitation, surface pressure, relative humidity, air temperature, surface wind, and 

net short-wave and long-wave radiations were used in a standard bulk formula (Fairall et al. 

2003) to derive wind stress and net surface heat flux which, in turn, were used to drive the 

ocean circulation model. 
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A five-year simulation of ocean currents was used for model spin-up of realistic 

ocean conditions, followed by simulation period of particle trajectories. USEast was paired 

with a Lagrangian particle tracking model (see below) to track the position of larval particles 

released from three methane seep sites in the GoM that are a part of a broader study of 

population connectivity of invertebrates among seep sites (SEEPC Collaborative Research 

Program; www.cmast.ncsu.edu/seepc): (1) Alaminos Canyon (26 21'17"N, 94 29'48" W), (2) 

Brine Pool (27 43'23"N, 91 16'30"W), and (3) Florida Escarpment (26 1'48"N, 84 54'54"W 

(Fig.1). The seeps were chosen because they provide a means to study connectivity on spatial 

scales that match those at which vent systems are being studied (Hurtado et al. 2004) and 

include species that span large depth and geographic ranges and have diverse life-history 

characteristics.  

 

Particle-Tracking Model 

The Lagrangian TRANSport model (LTRANS) is an offline, particle-tracking model that 

predicts particle movement in three directions using advection, diffusion and behavior (North 

et al. 2006).  LTRANS interpolates sea surface height, water velocity, salinity, and 

temperature from grid locations, and utilizes a fourth-order Runge-Kutta scheme for particle 

advection.  

Particles were assigned characteristics of “B.” childressi larval behavior, including (i) 

swimming speeds, (ii) vertical distribution in the water column, and (iii) PLD. I used the 

circulation patterns described above to evaluate the spatial scales over which “B.” childressi 

larvae may be dispersed under spatiotemporally varying oceanographic conditions. Thus, our 
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results predict potential variability in larval transport within the entire region under three 

observed behavioral scenarios. Successful dispersal also requires larvae (real or virtual) to 

encounter suitable methane-seep settlement habitats, which can be spatially isolated and 

often cover a small proportion of the area of potential dispersal.  Therefore, I included the 

depth, latitude, and longitude locations of discrete seep sites that are the target of our broader 

study on population connectivity among seep sites in the US East domain. Genetic and 

geochemical characterization of “B.” childressi populations is being conducted (C. Young 

and S. Arellano, unpubl. data, C. Cunningham and C. Van Dover, Duke University, unpubl. 

data; B. Puckett and D. Eggleston, NC State University, unpubl. data) to test some of the 

predictions of larval dispersal and connectivity generated from the present study. Putative 

settlement sites were divided into 7 km segments, thereby allowing for self-recruitment. 

 

Larval Behavior and Dispersal Simulation Scenarios for “B.” childressi  

PLDs used in our simulations were determined using the best available information from a 

combination of published literature (Young et al. 1996, Van Gaest 2006, Arellano 2008, 

Young et al. 2012), personal observations, and zooplankton tows during the field 

investigation. Larval behaviors, such as: (i) swimming speed, (ii) PLD, and (iii) vertical 

distribution, were determined with a combination of published literature (Arellano 2008, 

Young et al. 2012) and MOCNESS (Multiple Opening/Closing Net and Environmental 

Sensing System) zooplankton tows as part of the field study. The larval forms of “B.” 

childressi were collected with MOCNESS tows over several years (1995-2014) at two sites 

in the Gulf of Mexico, Brine Pool (27o 43.4 N 91o 16.8 W) and Bush Hill (27o 47N, 92o 30W 
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(C. Young personal communication, Arellano et al. 2014, Arellano and Young 2011, 

Arellano and Young 2009, Arellano 2008, Tyler et al. 2006, Eckelbarger and Young 1999), 

with subsequent ship-based behavioral observations incorporated into this study. 

 Based on these data, three possible larval dispersal strategies (simulations) were 

evaluated: (1) protracted spawning period followed by demersal drift of larvae with a PLD of 

395 days, (2) discrete spawning and variable larval vertical distribution with near surface 

dispersal, and (3) discrete spawning and variable larval vertical distribution with near-surface 

dispersal. It is important to re-emphasize that the actual timing of spawning and larval 

vertical distribution of “B.” childressi is unknown, and the present study explores whether or 

not there are major differences in dispersal metrics and potential population connectivity 

among the three putative spawning and larval dispersal scenarios.   

(1). Protracted spawning and demersal drift. -- The first simulation included the 

release of 10 larval particles every three hours from the seep sites, for a total of 30,000 

particles per simulation per site over the course of a year. The particles were programmed 

with demersal drift behavior, which meant all particles stayed within three meters of the sea 

floor throughout the 395-day PLD (Fig. 2). While the actual fecundity of “B.” childressi has 

not yet been quantified, the number of particles released in the simulations is likely an 

underestimate of larvae produced from a single spawning event from a dense seep 

community, but provides statistically valid insight into the dispersal of particles released 

from a known seep site.  
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(2). Discrete spawning and variable larval vertical distribution with near surface 

dispersal. -- In the second simulation, 20 particles were released every hour for a total of 

14,880 particles released over the period of a week in Mid-October. This change in the 

amount of particles released over a specific time period correlates with direct observations of 

spawning at Brine Pool and Bush Hill methane seep sites in the GoM (C. Young personal 

observation). The behavioral assignments for the larval particles released in Mid-October are 

extremely specific to match very precise observations of “B.” childressi larvae over the 

course of their larval life (personal observation and C. Young personal observation). 

Particles were programmed to exhibit no behavior the first two days, followed by weak 

upward swimming behavior at 0.02 cm s-1 from day three to ten. On the tenth day, swimming 

speed increased to 0.2 cm s-1 until particles reached 100 m. Particles dispersed at near surface 

(<100 m) for 175 days, and programmed to swim down to the sea floor at 0.2 cm s-1 to arrive 

on bottom by 185th day of their PLD. Due to the variation in site depth, up to 10 days were 

programmed to allow particles enough time to reach the sea floor; therefore, there is some 

variation in the number of days particles drift near bottom over the course of their PLD. 

Particles then drifted within three meters above bottom until the end of the 395-PLD (Fig. 2). 

The number of particles released in Simulations 2 and 3 provide statistically sound 

understanding into the dispersal patterns of particles with each behavior type.  

(3). Discrete spawning and variable larval vertical distribution with near-surface 

dispersal. -- In the third simulation, the programmed spawning occurred in the same manner 

as described in Simulation 2. Particles exhibited no behavior the first two days, followed by 

weak upward swimming behavior at 0.02 cm s-1 from day three to ten. On the tenth day, 
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swimming speed increased to 0.2 cm s-1 until particles reached near the surface (<100 m). 

There, particles dispersed in surface waters for approximately 385 days, and started 

swimming down to the sea floor at 0.2 cm s-1 in order arrive on bottom by the end of the 395-

PLD (Fig. 2).  

 

Hypotheses and Statistical Analyses 

Deep ocean currents are generally an order of magnitude slower than surface currents 

(Dickinson and Brown 1994). Therefore, it is hypothesized that “B.” childressi with surface 

seeking larval behavior would display the greatest average and maximum potential distance 

travelled, irrespective of release site. In additional to examining general particle trajectories 

among the various spawning sites and larval dispersal behaviors, particle tracks were 

organized and compiled using Matlab software (2014b) for several statistical analyses. The 

main and interactive effects of (1) spawning site (3 sites) and (2) particle behavior (3 

behavioral simulations) were tested on two response variables: (i) mean dispersal distance 

and (ii) maximum potential dispersal distance, with a multi-factor, three-way analysis of 

variance (ANOVA) model. Multiple comparisons for significant main effects were identified 

with lower-level ANOVA models and Tukey’s multiple comparisons test. Maximum 

potential dispersal was estimated as the top 5% of dispersal distances within a given set of 

average distances. For example, particle distances were sorted in descending order and the 

top five percent, or 1,500 particle distances from Simulation 1 and 744 particle distances 

from simulations two and three were then used to calculate the average maximum distance. 
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RESULTS 
General Particle Trajectories 

A total of 30,000 particles were released (10 particles released every three hours), for larval 

dispersal scenario 1, and 14,880 particles released in simulations two and three (20 particles 

released hour) for a total of 179,280 particles that were tracked in the Gulf of Mexico over a 

395-day PLD. Dispersal trajectories varied greatly according to site and behavior for each of 

the three simulations. While there was variation in average dispersal distance, the overall 

trend was consistent, with the greatest dispersal observed for Simulation 3 involving surface 

seeking behavior by “B.” childressi, followed by Simulation 2 with larvae dispersing at the 

surface for 175 days followed by 215 days drifting three meters above bottom, and 

Simulation 1 in which larvae dispersed three meters above bottom throughout its 395-day 

PLD (Figs 3-5). Dispersal trajectories also varied greatly according to release site. For 

example, particles released from Alaminos Canyon in the eastern GOM had the lowest 

average and average maximum dispersal distances of the three release sites (compare Fig. 3 

with Figs. 4-5). Particles released from Brine Pool in the Northern-central area of the GOM 

dispersed throughout the eastern areas of the GOM and South-Atlantic Bight (Fig. 4), 

whereas particles released from Florida Escarpment connected with the Loop Current and 

spread to the South-Atlantic Bight (Fig. 5).   

 
“B.” childressi Simulation 1 
 
The mean distance travelled by particles (demersal drift three meters above bottom 

throughout the 395-PLD) varied significantly according to release site (one-way ANOVA; F 

=815,985, df = 2, 85,679, p<0.0001). For example, mean distance travelled was higher when 
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released from Brine Pool (Fig. 4; 432 km ±0.23), followed by Florida Escarpment (Fig. 5; 

262 km ±0.23), and Alaminos Canyon (Fig. 3; 16 km ±0.23), (Tukey’s test; p<0.0001). In 

general, particles with demersal drift behavior did not disperse widely throughout the GOM, 

and instead followed the bathymetric contour of the GOM with an easterly spread (Figs. 3-5).  

 

“B.” childressi Simulation 2 
 
Mean distance travelled by particles (near surface drift for 175 days followed by 215 days 

drifting three meters above bottom) also varied significantly with release site (one-way 

ANOVA; F =38,752, df = 2, 44,639, p<0.0001). Generally, mean distance travelled was  

higher when released from Florida Escarpment (Fig. 5; 1248 km ±2.61), followed by Brine 

Pool (Fig. 4; 1187 km ±2.61), and Alaminos Canyon (Fig. 3; 328 km ±2.61) (Tukey’s test; 

p<0.0001). Overall, particles with surface drift followed by demersal drift behavior dispersed 

widely throughout the GOM and South-Atlantic Bight.  

 

“B.” childressi Simulation 3 
 
Mean distance travelled by particles (near surface drift for 385 days) also varied significantly 

with release site (one-way ANOVA; F =3718, df = 2, 44,639, p<0.0001). Mean distance was 

significantly higher when released from Brine Pool (Fig. 4; 1488 km ±4.47), followed by 

Florida Escarpment (Fig. 5; 1016 km ±4.47), followed by and Alaminos Canyon (Fig. 3; 

1016 km ±4.47) (Tukey’s test; p<0.0001). Particles with surface drift followed by demersal 

drift behavior also dispersed widely throughout the GOM and South and Mid-Atlantic Bight.  

Effects of Behavior on Larval Dispersal  
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The distances for all particles were grouped by behavior to analyze the mean dispersal 

distance across all sites. For example, all particles with Simulation 1 behavior were sorted in 

order to identify overall mean distance with that particular behavior. The results were then 

compared to the mean distances for simulations two and three. The type of behavior had a 

significant effect on mean dispersal distance (ANOVA; F = 86,316, df = 2, 174,959, 

p<0.0001). The Least Square Means showed statistically significant differences between all 

three behaviors (p < 0.0001). The average distance varied among all three behavior 

simulations (Fig. 7; Tukey’s test; p<0.0001). The particles with Simulation 3 behavior had 

the greatest dispersal distance (near surface drift; Fig. 7; 1173 km ±2.00), followed by 

Simulation 2 (near surface drift for 175 days followed by ~215 days drifting demersally three 

meters above bottom; Fig. 7; 921 km ±2.00), and Simulation 1 behavior (demersal drift; Fig. 

7; 237 km ±1.43).  

The average maximum distance (AMD) for each “B.” childressi behavior simulation 

(Fig.8) varied with site and behavior (two-way ANOVA; F = 29359, df = 2, 8747, p<0.0001), 

with the highest level of dispersal from Simulation 3 (1875 km ±5.69), followed by 

Simulation 2 (1454 km ±5.86), and Simulation 1 (305 km ±4.10). Average maximum 

dispersal distances varied significantly among all sites (Fig. 8; Tukey’s test; p<0.0001) and 

behaviors (Fig. 9; Tukey’s test; p<0.0001).  
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DISCUSSION 

The study of deep-sea larvae and their dispersal to spatially isolated habitats remains one of 

the most challenging aspects of deep-sea science. This study used a coupled biophysical 

model to explore the roles of three observed larval behaviors and spawning locations on 

potential larval dispersal and population connectivity for the mussel, “Bathymodiolus” 

childressi. In general, “B.” childressi particles dispersed widely throughout the GOM, 

Florida Strait, as well as the South- and Mid-Atlantic Bights, while mean dispersal distances 

were much greater when larvae dispersed in the euphotic zone than at relatively deep (>600 

m) depths. For example, mean dispersal for “B.” childressi Simulation 1 (bottom following) 

was 237 km, whereas mean dispersal distances in simulations two (near surface and bottom 

following) and three (near surface) were 921 km and 1173 km, respectively. Our results show 

that particles do encounter other seep sites in the US East Model spatial domain, however; 

this result that does not prove that there is a strong enough connection to influence 

population dynamics or genetic structure. To calculate the connection strength across the 

model domain, further analysis is needed to quantify the level of connectivity at both 

contemporary and evolutionary time scales between each of the seeps sites in our study 

system, as well as the level of self-recruitment.  

Simulating larval dispersal for deep-sea organisms is limited due to the lack of 

biological data, which complicates the reliability of available estimates (Cowen and 

Sponaugule 2009, Young et al. 2012, Hilario et al. 2015 and references therein, Mitarai et al. 

2016). A previous bioenergetics model study by Arellano (2008) on larval “B.” childressi 

assessed the potential of swimming to the surface, and concluded that larvae were 
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energetically capable of swimming from ~660 m to the surface in ~ 10 days. Although our 

biophysical model was based on data personally collected from shipboard experiments 

(observed data), over 98% of modeled particles reached surface water depths in 

approximately 10 days (modeled data), which is consistent with Arellano’s (2008) findings. 

While population genetic data is not yet available from the adults collected from seep sites, 

results will be soon be available to verify the model observations and provide further insight 

into the connectivity of “B.” childressi in the GOM.   

Population genetic analysis of “B.” childressi mitochondrial genes and nuclear 

markers show no distinction between nine methane seep populations in the Gulf of Mexico 

over spatial scales ranging from the Gulf of Mexico to the Western Atlantic, and at depths 

from 200 m to more than 3,000 m (Carney et al. 2006). While other deep-sea species have 

depth related distribution (e.g., Escarpia laminata and Lamellibrachia luymesi) in the Gulf of 

Mexico (Rex 1981, Pequegnat et al. 1990, France and Kocher 1996, Chase et al. 1998, 

MacDonald et al. 2003, Cordes et al. 2007), bathymodiolins are found across biogeographic 

areas of different depths (Van Dover et al. 1996; Desbruye`res et al. 2000).  

Other bathymodiolin species have similarly extensive depth ranges, which suggest 

that it may be a characteristic of the genus (O’Mullan et al. 2001). Ongoing population 

genetic studies “B.” childressi from SEEPC colleagues indicate widespread mixing and 

connectivity throughout the Gulf of Mexico, although tests are still in progress (J. Wagner, 

Duke University, personal communication). This genetic information suggests “B.” 

childressi larvae may use some form of near surface dispersal tactics to disperse throughout 

the GOM.   
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Few studies have modeled larval dispersal behavior in the deep sea, with the greatest 

limitations in understanding due to dependable biological estimates (Cowen and Sponaugule 

2009, Young et al. 2012, Hilario et al. 2015 and references therein, Mitarai et al. 2016). 

Hilario et al. (2015) reviewed the application of biophysical models in the study of larval 

dispersal and population connectivity in the deep sea, and found the majority of models did 

not incorporate any behavior (e.g., PLD and vertical migration). In one of the few studies that 

incorporated behavior, Young et al. (2012) released larval particles from randomly chosen 

coordinates within 80 km of a seep sites in the Intra-American Seas, where adult “B.” 

childressi were known to be abundant, but were not programmed with vertical migration 

behavior. Young et al. (2012) found “B.” childressi particles dispersed widely throughout 

the GOM and South Atlantic Bight. Our current study builds upon the work by Young et al. 

(2012) by incorporating very specific biological parameters, such as larval swimming speeds 

and vertical distribution scenarios over the duration of “B.” childressi PLD, as well as 

releasing particles from known methane seep sites. I found that mean dispersal distances 

were greater than those found by Young et al. (2012).   

Caveats 

Coupled biophysical models can be valuable tools to study the general dispersal patterns of 

larval particles, and better understand how behavior drives variation in dispersal and 

potential population connectivity. The dispersal paths and mean distances from the three 

possible behavior scenarios examined in this study are considered the best approximations to 

date of actual dispersal trajectories of “B.” childressi larvae under variable atmospheric and 

oceanographic conditions. The biological uncertainties remain exist with regards to larval 
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dispersal depth, behavior, and PLD, which is why this study specifically focused on the part 

of larval behavior, and the array of directly observed behaviors of larvae caught in plankton 

tows (Table 1). Working with limited and conflicting data provided an opportunity to explore 

the array of behaviors tested, and extensively study the effect of those behavior parameters 

on potential dispersal. Eddies and currents do have a seasonal component in the model 

domain, which results in eddies circulating in the western area of the GOM basin during the 

October spawning season, which may influence the observed dispersal patterns via Loop 

Current meandering and eddy shedding. Although the seasonal atmospheric conditions 

consisted of monthly averages within the climatological model, the model domain is a 

convenient way to examine behavior on average dispersal distances from different sites in the 

GOM. The climatological model is limited by grid scale of 7-10 km, and without grid nesting 

it is not possible to understand the fine scale movements of particles in the domain. This 

somewhat coarse spatial resolution is a necessary trade-off for the immense spatial domain in 

this study (over 1,000,000 km2). The increase in physical ocean circulation modeling 

capabilities in recent years has made it easier to understand how oceanographic features 

affect the potential dispersal paths and distances of larvae from their natal site. 

The highly detailed larval particle behavior simulations presented are some of the 

most complex performed to date for a deep-sea bivalve. Nevertheless, there are certain 

assumptions that had to be made. It was assumed that “B.” childressi particles swim 

vertically and at a constant rate from days 2-10 at 0.02 cm s-1, and then at 0.2 cm s-1 for the 

remainder of their PLD. Little is known about their swimming behavior, nor how the larvae 

respond to light, pressure, and temperature over the course of their PLD. Previous laboratory 
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observations (Arellano 2008) show that “B.” childressi larvae do increase vertical swimming 

velocity with an increase in temperature (7 to 15oC), and while it was beyond the scope of 

this study to manipulate swimming particle behavior in response to temperature, the particles 

swimming speeds were adjusted throughout the larval life to best match empirical data. 

Particles were programmed to exhibit no behavior the first two days, followed by weak 

upward swimming behavior at 0.02 cm s-1 from day three to ten. On the tenth day, swimming 

speed increased to 0.2 cm s-1 until particles reached 100 m. Moreover, larval cultures of “B.” 

childressi in laboratory experiments were distributed throughout the container, and did not 

swim unidirectionally upward, rather the larvae “meandered” (Arellano 2008, C. Young 

personal communication, personal observation).  

Future Research 

Future work should incorporate energetics and respiration data into larval dispersal 

simulations, as well as diel vertical migration patterns, to determine their relative effects on 

dispersal potential. Further research of “B.” childressi larval dispersal throughout the Gulf of 

Mexico should focus on increasing the spatial scale of resolution to explore the effects of 

small-scale oceanographic features on large-scale dispersal patterns. The climatological 

model in the present study used the monthly mean conditions throughout the domain, 

whereas hindcast model conditions may show how inter-annual variability might impact 

seasonal larval dispersal patterns. The seasonal nature of “B.” childressi spawning may have 

a strong impact on potential dispersal, and further studies should compare mean dispersal 

distances among all four seasons to determine if seasonal differences in spawning influence 

the dispersal and potential connectivity for larval particles with a 13-month PLD.  
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Currently, models are limited by assumptions that increase the resolution of current velocity, 

eddy resolution, and upwelling strength, due to the lack of available observed data by 

moorings, acoustic current meters, and CTDs. Moreover, computing power is not yet strong 

enough to completely reproduce fine-scale field conditions, such as bathymetric features and 

eddies. Many aspects of oceanographic models have become more accurate over time via the 

integration of temperature, river flow, and flow velocity (Todd et al. 2014), yet more research 

is necessary to validate and test the resolution of currents, eddies, upwelling and directional 

flow of water in the model domain. While models are not designed to simulate every aspect 

of observed conditions, our dispersal results and the results of others (Kinlan et al. 2005, 

Young et al. 2012, Puckett et al. 2014, 2016) emphasize the predictive strength of 

biophysical models on larval retention and dispersal. Moreover, increased understanding of 

basic biology and larval behavior of “B.” childressi will improve the accuracy of simulated 

larval dispersal.  

In summary, biological parameters of “B.” childressi larvae such as swimming speed 

at particular points over a larval particle’s PLD, and the amount of time spent in near surface 

waters, had a significant effect on the dispersal of larval particles throughout the Gulf of 

Mexico and U.S South Atlantic. These results suggest that obtaining values of the relevant 

physiological and behavioral parameters of deep-sea larvae that can be integrated into 

biophysical models should continue to take high priority in the study of deep-sea 

invertebrates and predictions of population connectivity.  
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TABLE 

Table 1. Uncertainties with regards to behavior, dispersal depth, and PLD of “B.” childressi.   

Simulation Spawning Date Behavior 
Modeled  

PLD 
 

Possible PLD 
Simulation 1 Year round Demersal Drift    395 1185 

Simulation 2 October (observed) Mixed (Near Surface/Demersal)    395 
 
1185 

Simulation 3 October (observed) Near Surface    395 1185 
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Figure 1. Spatial domain of USEast circulation model. Methane seep study sites are plotted 
on the model domain to match latitude, longitude, and depth of the actual locations: 
Alaminos Canyon (26 21'17"N, 94 29'48" W, 1300 m), Brine Pool (27 43'23"N, 91 16'30"W, 
660 m), and Florida Escarpment 26 1'48"N, 84 54'54"W, 3500 m).  
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Figure 2. Schematic diagram of specific larval behavior simulations for “B.” childressi. 
Simulation 1: larvae disperse near bottom for 395 days.  Simulation 2: larvae disperse 175 
days at the surface followed by 215 days of demersal drift.  Simulation 3: larvae disperse for 
395 days at the surface. All particles were programmed to arrive on the sea floor and settle by 
the end of their specific behavioral simulation.  
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Figure 3. Particle trajectories released from Alaminos Canyon in the Gulf of Mexico. The 
“X” indicates the release site; dispersal paths of “B.” childressi Simulation 1 are in green, 
“B.” childressi Simulation 2 are blue, and “B.” childressi Simulation 3 are magenta. 
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Figure 4. Particle trajectories released from Brine Pool in the Gulf of Mexico. The “X” 
indicates the release site; dispersal paths of “B.” childressi Simulation 1 are in green, “B.” 
childressi Simulation 2 are blue, and “B.” childressi Simulation 3 are magenta.  
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Figure 5. Particle trajectories released from Florida Escarpment in the Gulf of Mexico. The 
“X” indicates the release site; dispersal paths of “B.” childressi Simulation 1 are in green, 
“B.” childressi Simulation 2 are blue, and “B.” childressi Simulation 3 are magenta.  
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Figure 6. Effects of (i) particle release site and (ii) larval behavior (demersal drift, surface to 
demersal drift, and surface drift) on mean (+SE) distance travelled (km) by “Bathymodiolus” 
childressi over 395-day PLD. AC = Alaminos Canyon, BP = Brine Pool, and FL = Florida 
Escarpment. Simulation 1: larvae disperse near bottom for 395 days.  Simulation 2: larvae 
disperse 175 days at the surface followed by 215 days of demersal drift.  Simulation 3: larvae 
disperse the surface. 
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Figure 7. Effects of larval behavior (demersal drift, surface to demersal drift, and surface 
drift) on mean (+SE) distance travelled (km) by “Bathymodiolus” childressi over 395-day 
PLD. Simulation 1: larvae disperse near bottom for 395 days.  Simulation 2: larvae disperse 
175 days at the surface followed by 215 days of demersal drift.  Simulation 3: larvae disperse 
near the surface. 
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Figure 8. Effects of (i) particle release site and (ii) larval behavior (demersal drift, surface to 
demersal drift, and surface drift) on average maximum (+SE) distance travelled (km) by 
“Bathymodiolus” childressi over 395-day PLD. AC = Alaminos Canyon, BP = Brine Pool, 
and FL = Florida Escarpment. Simulation 1: larvae disperse near bottom for 395 days.  
Simulation 2: larvae disperse 175 days at the surface followed by 215 days of demersal drift.  
Simulation 3: larvae disperse near the surface. 
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Figure 9. Effects of larval behavior for “Bathymodiolus” childressi on average maximum 
distance traveled. Behavior 1 (dermersal drift), behavior 2 (surface to demersal drift) and 
behavior 3 (surface drift) on average maximum (+SE) distance travelled (km) by 
“Bathymodiolus” childressi over 395-day PLD.  
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CHAPTER 3 
 

RELATVE STRENGTH OF LARVAL DISPERSAL PATHWAYS AND 
POPULATION CONNECTIVITY AMONG DEEP-SEA METHANE SEEP 

INVERTEBRATES  
 

ABSTRACT 

This study assessed the influence of larval behavior and pelagic larval duration (PLD), as 

well as spawning location in the Gulf of Mexico and Western Atlantic, on the relative 

strength of larval dispersal and population connectivity among four species of methane seep 

invertebrates: (1) the deep-sea polychaete, Lamellibrachia luymesi, (2) gastropod, 

Bathynerita naticoidea, and (3) crustacean, Alvinocaris muricola, and (4) the mollusk 

“Bathymodiolus” childressi. There were marked differences in the strength of larval 

dispersal pathways, as demonstrated by Lagrangian Particle Density Functions (LPDFs) 

among the different species and release sites, with a majority of larval particles remaining 

near their natal site. The LPDF trajectories of particles released from the northern Gulf of 

Mexico with surface seeking “B.” childressi behavior (Simulation 3) readily dispersed 

throughout the eastern GOM and into the US Western Atlantic. Conversely, L. luymesi and 

“B.” childressi (Simulation1) demersal drifting particles were spatially constrained to the 

northern and western GOM, with no connection to the Western Atlantic. The majority of A. 

muricola and B. naticoidea particles released from Blake Ridge and Cape Fear in the South 

Atlantic dispersed south of the release sites along the shelf-break depth contour to the 

Caribbean. Patterns of population connectivity varied greatly among species, with the 

greatest amount of connectivity for B. naticoidea and A. muricola, and the least amount of 
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connectivity exhibited by surface-seeking “B.” childressi and L. luymesi. Generally, the 

connectivity matrices indicate that species with broad dispersal will have relatively low 

connectivity than those with more limited dispersal. Despite the extensive dispersal of 

particles, there was no other degree of connectivity. These results are the first known attempt 

to integrate empirical observations of invertebrate seep larvae into a biophysical model to 

assess dominant dispersal pathways and population connectivity. The findings highlight the 

importance of larval behavior and spawning location on the spatial scales of dispersal and 

population connectivity.  
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Biophysical model, population connectivity, larval dispersal, methane seep 
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INTRODUCTION 

Larval dispersal can be a fundamental driver of population dynamics and biogeography in 

marine systems (Palumbi 2004, Treml et al. 2012, Lester et al. 2007, Botsford et al. 2009, 

and Kough and Paris 2015). Population connectivity, the exchange of individuals among 

populations, can affect genetic composition, as well as the dynamics of local populations and 

communities (Cowen et al. 2007, Cowen and Sponagule 2009, Treml et al. 2012, Puckett et 

al. 2014). Depending upon a particular species’ life history characteristics, the scale of larval 

dispersal can range from a few meters over a pelagic larval duration (PLD) of a few days, to 

thousands of kilometers over a PLD of several months (Kinlan and Gaines 2003). 

Spatiotemporal variation in the strength of connectivity among subpopulations in a 

metapopulation can be relatively high. For instance, metapopulation dynamics driven by 

subpopulation-scale demographic rates such as growth and spawning output, or driven by 

larval connectivity among subpopulations (Puckett and Eggleston 2016 and references 

therein).   

Methane seeps and hydrothermal vents are distributed globally, but population 

connectivity among these chemosynthetic communities by benthic invertebrates is poorly 

understood (Metaxas 2011). Many of these populations rely on a dispersive larval phase to 

maintain populations.  Studies of hydrothermal vent communities show that new vent 

habitats are colonized by non-local larval sources after catastrophic eruptions (Tunnicliffe et 

al. 1997, Mullineaux et al. 2010), yet are maintained by local larval sources during periods 

between eruptions (Metaxas 2004, Adams and Mullineaux 2008). The extent of larval 
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retention and dispersal are influenced by larval behavior, as well as local and regional 

hydrodynamics (Marsh et al. 2001, Metaxas 2004, McGillicuddy et al. 2010).  

Deep-sea, chemosynthetic communities are unique compared to shallow-water 

ecosystems because of their global, yet patchy distribution, as well as the nutritional 

dependence of many of the sessile invertebrates that form these communities on 

methanogenic bacteria as an energy source (Childress et al. 1986, Pile and Young 1999). 

Previous studies on hydrothermal vents have determined that effective dispersal is dependent 

on factors such as the rapid colonization of new vents by invertebrates following major 

eruptive events (Shank et al. 1998), as evident in cohorts of distinct age-classes (Van Dover 

et al. 2002). Moreover, the occurrence of seep species of mollusks, crustaceans, and other 

taxonomic groups across the Atlantic Ocean suggest broad connectivity (Olu-LeRoy et al. 

2007, Cordes et al. 2007). Molecular mtCOI phylograms for the deep-sea mussel 

“Bathymodiolus” childressi, suggest contemporary gene flow and population connectivity 

across known deep-water seeps in the southeastern Caribbean, central and eastern Gulf of 

Mexico and along the Western Atlantic (Cordes et al. 2007). In contrast, the deep-sea 

amphipod Ventiella sulfuris shows strong allozyme isolation at spatial scales of a few 

hundred meters, likely due to the way in which it broods eggs and has a limited PLD (France 

et al. 1992, Virjenhoek 1997).  

It is difficult to directly observe deep-sea larvae because they are relatively small and 

difficult to track in the water column throughout their PLD in the water column. Therefore, 

biophysical modeling techniques can be useful ways to help biological oceanographers 

predict the strength of larval dispersal and population connectivity (Puckett et al. 2014, Qian 
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et al. 2015), pending subsequent validation via molecular or geochemical techniques (Carney 

et al. 2006, Thaler et al. 2011, Kroll et al. 2016).  

Larval behavior and dispersal physiology are key factors controlling population 

connectivity. Behavior such as vertical migration, dispersal depth, and PLD strongly 

influence the strength and spatial scales of population connectivity over time (Paris and 

Cowen 2004, Puckett et al. 2014). Initially it was believed that deep-sea larvae dispersed 

only in deep currents, however, recent studies suggest that deep-sea larvae of both 

hydrothermal vents and methane seeps disperse in near-surface waters (Young et al. 2012, 

Arellano et al. 2014).  

It is critical to understand the population connectivity of deep-sea methane seep 

larvae to gain insight into the dominant transport mechanisms in the region. The Gulf of 

Mexico (GOM) is a semi-closed sea in the western Atlantic Ocean and hydrodynamically 

connects to the Western Atlantic via the Gulf Stream. The dominant near-surface currents 

include the Yucatan Current, which then becomes the Loop Current in the GOM, and finally 

forms the Florida Current and Gulf Stream as it flows at speeds of 2 m s-1 out of the GOM 

(Oey 2005). This circulation pattern is an integral part of the western boundary current in the 

North Atlantic Subtropical Gyre, as it transports water, heat, salt and nutrients throughout the 

region. In contrast, the deep-sea currents exhibit cyclonic flow, with deep current water 

flowing south from the Western Atlantic in a counter clockwise fashion at a rate of 5-10 cm 

s-1 (Oey 2012). Near surface in the GOM is more variable with the Loop Current reaching 

depths up to 900 m in some areas in the eastern GOM and frequently changing flow patterns 

and variable current speeds of 0.2 m s-1 (Weatherly et al. 2005).   
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Population connectivity of invertebrates in the deep sea is limited by a dearth of 

observations and empirical data on: (i) larval distributions in the water column, (ii) larval 

behavior, and the (iii) timing and locations of spawning. The purpose of this study is to 

assess the influence of larval behavior and PLD, as well as spawning location and timing, on 

the dominant pathways and potential connectivity among methane seeps in the GOM and 

Western Atlantic Ocean. Four species of seep invertebrates with varying larval behaviors and 

PLDs are examined: (1) the deep-sea polychaete, Lamellibrachia luymesi, (2) gastropod, 

Bathynerita naticoidea, and (3) crustacean, Alvinocaris muricola, and (4) the mollusk 

“Bathymodiolus” childressi.  

MATERIALS AND METHODS 

The relative strengths of larval dispersal pathways and sub-population connectivity among 

four species of methane seep invertebrates, across five methane seep sites spanning the Gulf 

of Mexico, Caribbean and US Western Atlantic, were characterized with a biophysical 

model. Statistically comprehensive Lagrangian probability density functions (LPDF, Mitarai 

et al. 2009) and connectivity matrices were used to characterize the dominant dispersal 

pathways, sources, and destinations of particles in the USEast hydrodynamic model domain.  

Model Setup 

The USEast climatological model was developed by the Ocean Observing and 

Modeling Group at North Carolina State University (R. He et al. under review) and covers 

the entire Gulf of Mexico, U.S. South Atlantic, Mid-Atlantic and North Atlantic Bights, 

northwest Atlantic Ocean, as well as the Sargasso, and Caribbean Seas (Fig. 1). The Hybrid 

Coordinate Ocean Model (HYCOM) specified initial and open boundary conditions of 
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satellite observed SST, salinity, and daily circulation patterns at 10 km spatial resolution 

(http://hycom.rsmas.miami.edu/dataserver). The National Center for Environmental 

Prediction (NCEP) provided the surface atmospheric data, which has a spatial and temporal 

resolution of 1.875o and 6 hours, and used to drive the USEast model. The ocean circulation 

model was driven by factors such as: total cloud cover, precipitation, surface pressure, 

relative humidity, air temperature, surface wind, and net shortwave and long-wave radiations 

(Fairall et al. 2003) to derive wind stress and net surface heat flux. USEast was coupled with 

a Lagrangian particle tracking model (LTRANS) to track the position of larval particles 

released from five methane seep sites that are a part of a broader study of population 

connectivity among seep sites (SEEPC Collaborative Research Program 

<www.cmast.ncsu.edu/seepc>): (1) Alaminos Canyon (26 21'17"N, 94 29'48" W), (2) Brine 

Pool (27 43'23"N, 91 16'30"W), (3) Florida Escarpment (26 1'48"N, 84 54'54"W, (4) Blake 

Ridge (32 29'45"N, 76 11'30"W), and (5) Cape Fear Diapir (32 58'45"N, 75 55'30"W) (Fig. 

1). The seeps were chosen because they provide a means to study connectivity on spatial 

scales that match those at which vent systems are being studied (Hurtado et al. 2004) and 

include species that span large depth and geographic ranges and have diverse life-history 

characteristics.  

 

 Particle–tracking, LPDFs, and Connectivity Matrices 

The Lagrangian TRANSport model (LTRANS) is an offline particle-tracking model 

with a fourth-order Runge-Kutta tracking scheme for particle advection (North et al. 2006). 

LTRANS was used to quantify the LPDFs (see description below) and connectivity matrices 
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for four invertebrate species, each with their own larval behavior characteristics of (i) 

swimming speeds, (ii) vertical distribution in the water column, and (iii) PLD: 

Lamellibrachia luymesi, Bathynerita naticoidea, Alvinocaris muricola, and “Bathymodiolus” 

childressi. The larval particle simulations for L. luymesi, B. naticoidea, and A. muricola 

included the release of 10 larval particles every three hours from each of five seep sites, for a 

total of 30,000 particles per species simulation per site. The simulations for “B.” childressi 

are described in Chapter 2, and included three possible behavioral scenarios. In scenarios 

two, and three, “B.” childressi spawning time and date was restricted to simulate observed 

spawning (C. Young personal observation). In Simulation 1, 10 particles were released every 

three hours for a total of 30,000 particles exhibiting bottom following behavior (i.e., no more 

than two meters above bottom). In scenarios two and three included the release of 480 

particles every three hours during the first week of October for a total of 15,000 particles per 

site and varied time spent dispersing in surface waters (Table 2). Although the effects of 

larval behavior and spawning location on potential “B.” childressi larval dispersal and 

population connectivity are described in Chapter 2, the LPDF and connectivity matrices for 

this species are unique to this chapter. 

 The dispersal paths were quantified using Lagrangian probability functions (LPDFs), 

which is defined as the probability density of particle displacement (Mitarai et al. 2009):  

𝑓!! 𝜀;   𝜏,𝑎 =    !
!

𝛿(𝑋! 𝜏,𝑎 −   𝜀)!
!!!         (1) 

Where 𝜏 is the advection time scale, 𝜀 the space variable, a, the initial position, and the 

position of the nth particle (𝑋! 𝜏,𝑎 ), N is the total number of Lagrangian particles, and 𝛿 is 

the Dirac delta function. The Dirac function is defined as the Heaviside function H in a unit 
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area (𝛿 =    !"
!"!#

), where H is the unit step function, such that 𝐻(𝑥) = 0  𝑖𝑓  𝑛   < 𝑥
1  𝑖𝑓  𝑛   ≥ 𝑥  , where n 

is the grid number integer on the x axis. LPDFs describe the probability density function of 

particle displacement for a given advection time 𝜏. LPDFs can be utilized to describe 

expected dispersal patterns using a connectivity matrix, which describe the probability for the 

event that a particle is transported from site j to site i. LPDF data for each species simulation 

from the five methane seep sites were analyzed and quantified in MATLAB (version 2014b). 

The latitude and longitude of a particle’s position on the last day of its PLD was used 

to determine if settlement occurred within a 10 km radius for each of the five seep sites, 

which was then compiled to establish connectivity matrices for each species.  Connectivity, 

𝐶!,!, is defined as the probability of a particle moving from source j to destination i over time 

interval 𝜏. For a given source location, 𝑥!, and destination location, 𝑥!, the value of 𝐶!,! can be 

defined as:  

𝐶!,! 𝜏 =   𝑓!(𝜀 =   𝑥!;   𝜏,𝛼 =   𝑥!)(𝜋𝑅!)       (2) 

The data were used to determine the percent of particles settling in a 5 x 5 connectivity 

matrix, with the exception of L. luymesi and “B.” childressi (simulations 1, 2, and 3), which 

were released in three out of the five study sites. This is because L. luymesi has not been 

found in the Western Atlantic, and it is not known if recovered mussels from South or Mid 

Atlantic Bight seeps are actually “B.” childressi.  As a result, particles with L. luymesi or  

“B.” childressi behavior were not released from Blake Ridge or Cape Fear Diapir.  
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Larval Particle Behavior 

Larval behaviors, such as swimming speed, planktonic larval duration, and vertical 

distribution in the water column, were determined with a combination of published literature 

(Young et al. 1996, Van Gaest 2006, Arellano 2008, Young et al. 2012), shipboard 

observations of larvae, and zooplankton tows while at sea. Planktonic larval durations 

(PLDs) used in our simulations were determined with a combination of published literature 

(Young et al. 2012, Arellano 2008, Van Gaest 2006, Young et al. 1996), personal 

observations, and zooplankton tows using a MOCNESS while at sea. In many cases, PLD 

was estimated by comparing larval size and known spawning dates of our study species. For 

example, the gastropod, B. naticoidea has an estimated PLD of four months based on 

morphology of larvae obtained from MOCNESS tows, and has been found at thermocline 

depths of ~ 100 m (Fig. 2; Young et al. 2012). The larvae of the polychaete, L. luymesi have 

been cultured in laboratories and cold rooms with an estimated PLD of three weeks, and 

found at thermocline depths of 8oC and 250 meters depth (Fig. 2; Young et al. 2012). Studies 

of metabolic rates for the chemosynthetic tubeworm, L. luymesi larvae also confirm a three-

week, lecithotrophic larval period (Leong 1998). L. luymesi populations appear to be 

confined in the Gulf of Mexico due to their relatively short PLD (Young et al. 1996), which 

is why L. luymesi larval dispersal simulations were not released from Blake Ridge or Cape 

Fear seep sites in the South Atlantic Bight (see below). The deep-sea shrimp, A. muricola has 

an estimated PLD of six months, and disperses near the surface (~100 m to 0 m) (Fig. 2; Nye 

et al. 2013).  In this case, PLD is based on the estimated PLD of other Alvinocarid species, 
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however, this genus has several dispersal strategies, extended PLDs, and their dispersal depth 

is not yet fully known (Nye et al. 2013) 

The “Bathymodiolus” childressi species are found throughout the Gulf of Mexico 

and Western Atlantic, and at depths from 200 m to more than 3,000 m (Gustafson et al. 1998, 

Carney et al. 2006, Tyler et al. 2006 and personal observations). Molecular phylogeny 

analysis of “B.” childressi indicates uncertainty about its taxonomic status, and so followed 

the recommendation of Jones et al. (2006) and used quotation marks around the genus name. 

Planktonic larval durations used in our simulations were determined using the best available 

information from a combination of published literature (Young et al. 2012, Arellano 2008, 

Van Gaest 2006, Young et al. 1996), personal observations, and zooplankton tows using 

MOCNESS while at sea. Based on these observations, three possible larval dispersal 

strategies (simulations) were evaluated: (1) demersal drift of larvae with a PLD of 395 days, 

(2) variable larval vertical distribution with near surface dispersal, and (3) variable larval 

vertical distribution with near-surface dispersal.  

(1). Protracted spawning and demersal drift. -- The first simulation included the 

release of 10 larval particles every three hours from three seep sites, for a total of 10,000 

particles per species simulation per site in Mid-October. The particles were programmed with 

demersal drift behavior, which meant all particles stayed within three meters of the sea floor 

throughout the 395-day PLD (Fig. 2).  

(2). Discrete spawning and variable larval vertical distribution with near surface 

dispersal. -- In the second simulation, 20 particles were released every hour for a total of 
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14,880 particles released over the period of a week in Mid-October. The behavioral 

assignments for the larval particles released in Mid-October are extremely specific to match 

very precise observations of “B.” childressi larvae over the course of their larval life 

(personal observation and C. Young personal observation). Particles were programmed to 

exhibit no behavior the first two days, followed by weak upward swimming behavior at 0.02 

cm s-1 from day three to ten. On the tenth day, swimming speed increased to 0.2 cm s-1 until 

particles reached near surface (<100 m). Particles dispersed at near surface for 175 days, and 

programmed to swim down to the sea floor at 0.2 cm s-1 to arrive on bottom by 185th day of 

their PLD. Particles then drifted within three meters above bottom until the end of the 395-

PLD (Fig. 2).  

(3). Discrete spawning and variable larval vertical distribution with near-surface 

dispersal. -- In the third simulation, the programmed spawning occurred in the same manner 

as described in Simulation 2. Particles exhibited no behavior the first two days, followed by 

weak upward swimming behavior at 0.02 cm s-1 from day three to ten. On the tenth day, 

swimming speed increased to 0.2 cm s-1 until particles reached near surface (<100 meters). 

There, particles dispersed in surface waters for 385 days, and started swimming down to the 

sea floor at 0.2 cm s-1 in order arrive on bottom by the end of the 395-PLD (Fig. 2).  

Hypotheses and Statistical Analyses 

I hypothesized that seep species whose larvae had a relatively long PLD and surface seeking 

larval behavior, would display the greatest level of connectivity, regardless of release site, 

while particles with low PLD and non-surface seeking behavior would have greater levels of 

retention. I tested the main and interactive effects of: (1) spawning site, (2) particle behavior, 
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and (3) PLD on two response variables: (i) LPDFs, and (ii) connectivity between five 

methane seep sites. LPDFs and connectivity matrices for each species were analyzed using 

MATLAB (2014b). 

 

RESULTS 

Lagrangian Particle Density Functions  

There were striking differences in LPDFs among species, larval behavior, and release 

sites, with a majority of larval particles remaining near their natal site. A. muricola and B. 

naticoidea larval particles released from the Alaminos Canyon and Brine Pool sites in the 

western Gulf of Mexico have the potential to connect with sites in the Western Atlantic 

Ocean (much less so for B. naticoidea), however, it is a weak connection (Fig. 3 and 4). 

LPDF trajectories for L. luymesi and “B.” childressi Simulation 1 were spatially constrained 

to the northern and western GOM, with no connection to the Western Atlantic (Fig. 3). 

Conversely, particles for “B.” childressi Simulation 2 and 3 readily dispersed throughout the 

eastern GOM and into the US Western Atlantic, with relatively stronger LPDFs for “B.” 

childressi Simulation 2 near their natal sites, as well as off northern Florida, and the central 

Caribbean (Fig. 3). Note that LPDF quantifies the probability of particles moving through a 

grid cell in the domain over the course of their PLD, which is distinct from only analyzing 

dispersal trajectories.   

Particles released from Brine Pool, which is located 150 km east of Alaminos Canyon 

and in shallower water (2200 m vs. 660 m, respectively), displayed dispersal patterns similar 

to particles released from Alaminos Canyon in the GOM (compare Figs. 3 & 4). Highest 



 

108 

LPDFs occurred near natal sites, irrespective of invertebrate species, with A. muricola, L. 

luymesi and "B." childressi Simulation 1 restricted to the GOM, and relatively weak dispersal 

by B. naticoidea and B.” childressi Simulations 2 and 3 to the Western Atlantic (Fig. 4). 

For particles released from Florida Escarpment, located in the eastern GOM and in 

relatively deep (3300 m) water, there were stronger LPDFs to the Western Atlantic than for 

particles released from Alaminos Canyon and Brine Pool (compare Figs. 3-5). A. muricola, 

B. naticoidea, and "B." childressi simulations 2 and 3 displayed relatively strong LPDFs in 

the Western Atlantic (Fig. 4). The LPDF trajectories for “B.” childressi simulations 2 and 3 

had relatively high probability of connecting to Blake Ridge and Cape Fear Diapir seep sites 

in the Western Atlantic (Fig. 5). In contrast, particles of “B.” childressi Simulation 1 were 

restricted to the GOM, likely by deep cyclonic currents in the GOM, and there was minimal 

dispersal of L. luymesi particles to the northern region of the Caribbean. There is no available 

documentation to show if L. luymesi tubeworms reside in the northern Caribbean.  While 

other species of tubeworms are known to exist in the Barbados-Accretionary Prism, L. 

luymesi has not been found in the Caribbean.  

LPDF results of A. muricola released from Blake Ridge and Cape Fear show that the 

majority (10%) of particles disperse south (this would suggest deep water circulation) of the 

release sites along the bathymetric contour depth contour to the Caribbean, as well as 

dispersing north into the central region of the Atlantic where there are no known methane 

seeps (compare Figs. 6A and 7A). The trajectory results of B. naticoidea particles released 

from Blake Ridge and Cape Fear show a similar north-south trajectory of particles to those 
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displayed by A. muricola, yet with reduced spatial spread of particles (compare Figs. 6B & 

7B).  

 

Connectivity Matrices 

A connectivity matrix for a given seep species was quantified using the LPDFs for a 

given larval destination and source location. This matrix illustrates the degree to which any 

two sites among all possible locations are connected over a particle’s PLD. Connectivity 

matrices were generated for each of the seep invertebrate species, as well as “B.” childressi 

simulations 1-3 (Fig. 8). Overall, self-recruitment dominates regardless of PLD, although 

there are moderately strong connections between GOM sites (i.e. Florida Escarpment) and 

the Western Atlantic (Cape Fear Diapir) for particles with B. naticoidea behavior. The 

connectivity patterns between the four species varied, with the least amount of connectivity 

exhibited by “B.” childressi simulations 2 and 3, and the greatest amount of connectivity by 

B. naticoidea and A. muricola. The connectivity matrix for Alvinocaris muricola shows weak 

self-recruitment at Alaminos Canyon and limited connectivity between Alaminos Canyon 

and Brine Pool, as well as limited connectivity between Alaminos Canyon and Florida 

Escarpment (Fig. 8). Similarly, connectivity at Brine Pool revealed similar results to 

Alaminos Canyon, with weak connectivity to Florida Escarpment and limited self-

recruitment. Connectivity among seep sites for particles with A. muricola behavior released 

from Blake Ridge exhibited weak signs of self-recruitment, while particles released from 

Cape Fear displayed a relatively weak connection to Blake Ridge. Connectivity analysis of B. 

naticoidea shows weak self-recruitment at Alaminos Canyon and limited connectivity 
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between Alaminos Canyon and Brine Pool (Fig. 8). Similarly, connectivity at Brine Pool 

showed weak connectivity with itself and Florida Escarpment. Particles released from Florida 

Escarpment also had limited self-recruitment and a weak connection to Cape Fear. B. 

naticoidea particles released from both Blake Ridge and Cape Fear had weak self-

recruitment. Connectivity analysis of L. luymesi shows no connectivity in the GOM and only 

self-recruitment with Alaminos Canyon and Florida Escarpment (Fig. 8), although less than 

one percent of particles successfully settled. Connectivity matrix analysis of “B.” childressi 

Simulation 1 shows strong self-recruitment at Alaminos Canyon (Fig. 8); however, particles 

released from Brine Pool and Florida Escarpment had no connectivity. Connectivity matrix 

analysis of “B.” childressi Simulation 2 shows weak self-recruitment at Alaminos Canyon 

and limited connectivity between Brine Pool and Florida Escarpment (Fig. 8). Despite the 

extensive dispersal of particles, no other sites exhibited any degree of connectivity. 

Connectivity matrix analysis of “B.” childressi Simulation 3 shows weak self-recruitment at 

Alaminos Canyon and limited connectivity between Alaminos Canyon and Brine Pool, as 

well as between Alaminos Canyon and Florida Escarpment (Fig. 8), while no other sites 

exhibited connectivity.  

 

DISCUSSION 

This study provides the first characterization of the relative strength of larval dispersal and 

population connectivity of deep-sea, methane seep invertebrates that is currently in the 

literature. This study combined ocean circulation and Lagrangian particle-tracking models, 

with empirical data on larval PLD, swimming speed and vertical distribution in the water 
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column, to address two fundamental challenges to our understanding of population 

connectivity: (i) spatial scales of connectivity in the deep sea, and (ii) mechanisms 

underlying potential connectivity for deep-sea invertebrates. Particles were programmed with 

species-specific behavior that corresponded to four seep species: A. muricola, B. naticoidea, 

L. luymesi, and “B.” childressi, and tracked for five years among five methane seep sites in 

the GOM and Western Atlantic Margin to determine the dominant dispersal pathways and 

strength of potential population connectivity in the domain. Interestingly, particles that 

exhibited broad dispersal behavior had more limited connectivity than those with more 

limited dispersal, which initially contrasts the notion that greater dispersal enhances potential 

connectivity. Future research should focus on simulating the total number of methane seeps 

available in the GOM and WAM to understand the level of connectivity in seep areas as well 

as discrete seeps. The climatological conditions of the model domain provide an ideal 

method to understand dispersal patterns under average meteorological conditions. Although 

data on larval biology of deep-sea invertebrates is very limited, species-oriented studies that 

focus on behavior (e.g., Young et al. 1996a, Young et al. 1996b Arellano et al. 2014), 

coupled with ocean circulation models (Cowan et al. 2006, Kough et al. 2013, R. He, unpubl. 

data), can provide valuable predictions of  larval dispersal and population connectivity of 

methane seep and other unique deep-sea communities.  

Caveats 

The USEast model domain has the capacity to track particles over large areas of the 

Gulf of Mexico and Western Atlantic Ocean, which provides a convenient platform to study 

the large-scale dispersal patterns and connectivity of larval particles. The climatological 
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model is limited by grid scale of 7-10 km, which also corresponded to the size of the grid cell 

for particles to successfully settle in one of our known seep sites. This somewhat coarse 

spatial resolution is a necessary trade-off for the immense spatial domain in this study (over 

1,000,000 km2). While the methane seep sites (Alaminos Canyon, Florida Escarpment, etc.) 

are not 10 km wide, there are several adjacent methane seep communities that make the 

results biologically relevant. The strength of the connectivity for some species is very weak 

and low probability of such an occurrence. For example, the strongest connectivity of 

particles with “B.” childressi Simulation 3 behavior was 0.03%, while the weakest was 

0.0068%. If 14,880 particles are released from a site, then a minimum of 150 particles must 

successfully settle to reach 1% connection rate. While the probabilities are low, it does not 

mean that the particles are not settling in other areas where methane seep communities exist. 

In contrast, the connectivity strength for “B.” childressi Simulation 1 had 37% self-

recruitment with particles released from Alaminos Canyon. Therefore, care should be taken 

when interpreting the connectivity matrices and the probabilities of particles with a given 

behavior connecting to another site.  

 

Potential Role of Varying Hydrodynamics on Patterns of Larval Dispersal 

The LPDF results highlight the dominant dispersal pathways of larval particles, and 

while variation exists for each species, there are similar patterns. Based on the LPDF results, 

eddy shedding likely plays a critical role in the dispersal patterns observed in the GOM for 

particles with thermocline and near surface seeking behavior, particularly in the western 

region. Particles released in the western GOM from Alaminos Canyon generally remained in 
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the region, with many dispersing in an ellipsoid manner over the release site and circling 

either southeast or southwest. Particles released from Alaminos Canyon also had the highest 

levels of self-recruitment for all species (L. luymesi, B. naticoidea, A. muricola, and “B.” 

childressi simulations 1, 2, and 3). These dispersal patterns are likely caused by eddies which 

shed from the Loop Current, which can separate from the Loop Current at random intervals 

and drift west (2-5 km/day), and can be 200-400 kilometers in diameter and extend down to 

1000 meters (Mooers 1998, Sturges and Leben 2000, Oey et al. 2005). Loop Current Frontal 

eddies may also have an impact on the dispersal patterns observed in the GOM. For example, 

cold core cyclonic eddies are approximately 120 kilometers in diameter and typically smaller 

than the warm core eddies mentioned above (Oey et al. 2005). Therefore, eddies may affect 

the dispersal direction of particles, as well as influence abiotic factors such as temperature 

and food availability for larvae. Surface winds also exhibit seasonal variability, which may 

affect dispersal patterns of particles with surface-seeking behavior and with a PLD of greater 

than 30 days (Morey et al. 2005). It should also be noted that the upper layer mean flow in 

the central and northwestern GOM is anticyclonic, while the mean flow below 1000 m is 

cyclonic. The particle trajectories, particularly the higher self-recruitment from Alaminos 

Canyon, potentially show the strong effect of eddies with their entrenchment in the western 

GOM over several months. The model accurately represents eddies at spatial scales >10 km, 

and it is important to recall that climatological models show seasonal timescales, where 

changes in eddy patterns can occur. Similarly, particles released from Blake Ridge and Cape 

Fear may circulate in both cylonic and anti-cyclonic eddies off of the Gulf Stream, showing 
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that the hydrography of a region is intimately linked to the dispersal patterns of marine 

larvae.  

Particles released from Brine Pool, (shallowest site in this study at 660 m) dispersed 

east and west of the release site, which was an interesting distribution pattern when compared 

to other sites with more unidirectional particle dispersal. The particles are likely interacting 

with eddies shedding off the loop current, as well as river run off from the Mississippi, 

surface wind driven currents, and the GOM Loop Current. This dispersal pattern may 

partially be caused by the seasonal variation in the Loop Current that can push deep currents 

into the GOM near Louisiana’s coast before continuing through the Florida Strait. When this 

pattern occurs, the main current passes very close to Brine Pool, which may explain the 

observed east and west dispersal patterns in the model domain (DeHann and Sturges 2005). 

Florida Escarpment (the deepest site in this study at 3,500 m) is situated at the base of 

the Florida Platform, where depth changes dramatically from 91 m to 3,500 m. The pressure 

forced upon the West Florida Shelf by the Loop Current generates a current flowing south 

that is also driven by the steep topography of the Escarpment. The deep currents near Florida 

Escarpment form a cyclonic flow, thus, the near surface dispersing particles traveled south 

through the Florida Strait while near bottom dispersing particles had a northern trajectory.  

Demersal drifting particles were subjected to the cyclonic flows of the deep currents, which 

have a mean velocity of 0.5 cm s-1, which is several orders of magnitude slower than the 

surface current mean velocity of 16 cm s-1 (DeHann and Sturges 2005).  

In the Western Atlantic Margin (WAM), Blake Ridge and Cape Fear are in relatively 

close proximity (80 km apart) within the South Atlantic Bight. The Gulf Stream flows from 
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the south and delivers a constant succession of both cyclonic and anti-cyclonic eddies that 

peel off the Gulf Stream and travel either west towards land or east to open Atlantic. Coupled 

with the North Atlantic Gyre, which flows cyclonically from north to south, the near surface 

waters of the WAM are generally flowing from south to north (McCartney 2003). The deeper 

waters are exposed to the Deep Western Boundary Current (DWBC), which transports cold 

arctic water south along the WAM (Dengler et al. 2004). Therefore, particles released from 

sites in the WAM are first exposed to the DWBC and if they disperse near the surface, many 

are carried north by the Gulf Stream. Surprisingly, the majority of particles had a 10% 

probability of dispersing south of the release site, even though both A. muricola and B. 

naticoidea drift near the surface and thermocline, respectively. Both Blake Ridge and Cape 

Fear are on the outer edge of the Gulf Stream, therefore, these particle trajectories are 

possibly caused by cyclonic counter currents adjacent to the Gulf Stream. It is also possible 

that the strength and position of the counter currents in the model domain are slightly 

different than observed patterns, and further research is needed to continue validating the 

physical characteristics of such a large and relatively new domain.  

 

Comparison and Contrast with Hydrothermal Vents and Shallow Ecosystems 

Connectivity in the deep-sea is little studied due to the inherent challenges and difficulties of 

observing organisms in situ over long periods of time. A review by Virjenhoek (2010) 

assessed the factors regulating connectivity for hydrothermal vents, with the population 

genetic data of nearly 30 vent species. The bivalve Bathymodiolus thermophilus has small 

(~50 µm), planktotrophic larvae that have very high rates of gene flow in certain regions of 
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the Galapagos Rift (Lutz et al. 1979, Virjenhoek 2010). In contrast, the clam Calyptogena 

magnifica produces larger lecithotrophic larvae that would be expected to have limited 

dispersal, yet gene flow is high (>200 km; Lutz et al. 1986).  Similar to our study, methane 

seep species such as “B.” childressi and L. luymesi have very different biological 

characteristics and potential dispersal distances (L. luymesi 171 km vs. 328 km “B.” 

childressi Simulation 2 released from Alaminos Canyon), and yet both are found throughout 

the GOM. The strength of self-recruitment for both species is very similar, which suggests 

that self-recruitment can happen over PLDs of 21 to 395 days and scales of 171 to 328 km. 

The large variation in dispersal strategy, yet similar levels of connectivity between these 

species, highlights the need for more research on the biophysical factors regulating dispersal 

in the ocean, particularly for deep-sea invertebrates.  

In a recent study by Mitarai et al. (2016), the dispersal potential of hydrothermal vent 

particles in the Pacific Ocean was assessed with a variety of PLDs, but did not include other 

biological parameters (e.g. larval swimming speeds and vertical distributions). Their model 

results show high connectivity within hydrothermal vent basins (>300 km) without clear 

directionality to particle dispersal patterns; however, basin-to-basin dispersal (>1,000 km) 

appears more infrequent with strong directionality associated with the major currents. 

Integration of biological parameters into the model by Mitarai et al. (2016) will likely 

enhance the accuracy of predictions concerning larval dispersal and population connectivity 

among invertebrates inhabiting hydrothermal vent systems.  

 There is a much better understanding of the relative strength of larval dispersal and 

population connectivity in shallow coastal and estuarine systems than in the deep-sea.  For 
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example, a model accurately simulated the larval dispersal of the mussel, Mytilus edulis 

along the California coast which matched the observed dispersal patterns, such as the general 

patterns of larval transport, scale of dispersal (approximately 30 km), and isolation areas 

created by physical barriers (Glig and Hilbish 2003). A recent study used a biophysical 

model to predict meta-population connectivity of the intertidal barnacle B. glandula and 

compared the model results of connectivity with molecular data to investigate factors 

influencing dispersal (Galindo et al. 2010). The authors conclude that small-scale changes 

that enhance greater local retention over approximately 15 km successfully predict the 

observed genetic patterns, and list two factors that may be important to enhance the accuracy 

of larval simulations: increased local retention and long distance dispersal. The study also 

highlights the challenges of missing data, both physical and biological, and that modeling is 

not at a level that can precisely imitate field conditions. In estuarine systems, Hedgecock et 

al. (2007) found genetic patchiness within an oyster population at spatial scales of 69 km, 

and Puckett et al. (2014) found that oyster larvae had a mean dispersal distance from 2 to 75 

km over a 21-day PLD with the immigration of particles into other many oyster sub-

populations.  

The limited empirical data in our study makes it difficult to determine the model’s 

accuracy, however the overall dispersal strength, connectivity, and influence of 

hydrodynamics on larval particles does have some similarities with shallow water results. 

Both shallow and deep systems show a degree of self-recruitment, connectivity with other 

sites, and dispersal distances that correspond to their PLD and position in the water column 

(Cowen et al. 2007, Botsford et al. 2009, Galindo et al. 2010). These studies highlight the 
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need for increased integration of population genetic data, physical oceanography, and 

biology in connectivity research in both shallow and deep-water communities.  

Future Research 

Previous research indicates that marine larvae have relatively high plasticity in their PLD, 

which can have a strong effect on potential connectivity (Hadfield and Strathmann 1996, 

Bradbury and Snelgrove 2001, Green and Fisher 2004, Oyarrzun et al. 2011, C. Young 

personal communication). Within physiological limits, larvae can delay settlement until they 

encounter suitable habitat, or respond to physical cues such as temperature, turbulent shear, 

biological sounds, or chemical sensors such as sulfide (Gaylord et al. 2013, Lillis et al. 2013). 

If particles with B. naticoidea behavior have the ability to settle on benthic habitat for up to 

10 days before the end of their 90-day PLD, the connectivity matrix changes, with more 

particles encountering and connecting with one of the five seep sites than with a fixed PLD 

(Appendix 6). It should be noted that 10 days is a conservative value, as some deep-sea 

larvae have the ability to settle several weeks before their known PLD (C. Young, personal 

communication). Future research should explore how varying PLD within a given seep 

species affects potential population connectivity. Based on the results from this study, the 

following hypotheses could be tested regarding the genetic relatedness of four seep 

invertebrates examined in this study: (1) are the individuals of “B.” childressi in the Gulf of 

Mexico one open population, and how does the genetic relatedness compare with “B.” 

childressi mussels found in the WAM? (2) Does L. luymesi exist in the Caribbean, or does it 

exist anywhere else outside of the Gulf of Mexico? If L. luymesi only exists in the GOM, 

how genetically isolated are the populations? (3) A. muricola is found throughout the 
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Caribbean, GOM, and WAM; is this an open, connected population? Or, are there physical 

barriers that prevent the flow of larvae into the Caribbean, GOM, or WAM? (4) B. naticoidea 

is closely associated with “B.” childressi, but basic genetic data is lacking. Are the 

gastropods one species, is the species B. naticoidea, and are they found in all seeps that 

contain “B.” childressi? Exploring these hypotheses can provide greater insight into the 

biophysical processes driving connectivity patterns for four dominant species commonly 

found in methane seeps. 
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TABLES 

Table 1. Methane seep sites in the Gulf of Mexico and U.S. Western Atlantic Ocean  

Site Name Site Latitude (N) Site Longitude (W) Site Depth (m) 
Alaminos Canyon 26 21'17" 94 29'48" 1300 
Florida Escarpment 26 1'48" 84 54'54" 3300 
Brine Pool 27 43'23" 91 16' 30"   660 
Blake Ridge 32 29'45"  76 11'30"       2150 
Cape Fear 32 58'45"  75 55'30"  2500 
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Table 2. Species-specific Pelagic Larval Duration (PLD) and dispersal behavior for larval 
particles in this study. Bathymodiolus childressi has three possible dispersal strategies, which 
are designated as 1, 2, and 3.   
 
 
Species PLD (days) Dispersal Behavior 
Lamellibrachia luymesi 21 Thermocline 
Bathynerita naticoidea 90 Thermocline 
Alvinocaris muricola 186 Near-surface 
Bathymodiolus childressi (1) 395 Demersal drift 
Bathymodiolus childressi (2) 395 175 days near-surface followed by demersal drift 
Bathymodiolus childressi (3) 395 Near-surface 
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FIGURES 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Spatial domain of USEast circulation model. Methane seep study sites are plotted 
on the model domain to match latitude, longitude, and depth of the actual locations: 
Alaminos Canyon, Brine Pool, Florida Escarpment, Blake Ridge, and Cape Fear.  
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Figure 2. Schematic diagram of programmed species-specific behavior. Particles of B. 
naticoidea and L. luymesi dispersed at thermocline over the duration of their PLD, while A. 
muricola dispersed at the surface. Three behavior simulations for “B.” childressi are shown 
as dispersing near bottom, 175 days at the surface, and 395 days at the surface. All particles 
were programmed to arrive on sea floor and settle by the end of their specific PLD.  
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A) B) 

D) 

E) F) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Lagrangian Particle Density Functions (LPDFs) for a single release site, Alaminos 
Canyon,  (site 1 as shown in Fig. 1) based on the trajectories of (A) Alvinocaris muricola, (B) 
Bathynerita naticoidea, (C) Lamellibrachia luymesi, (D) Bathymodiolus childressi 
Simulation 1, (E) Bathymodiolus childressi Simulation 2, and (F) Bathymodiolus childressi 

C) 
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B) 

C) 

E) 

D) 

A) 

F) 

Simulation 3. Warmer colors indicate a higher probability (for example, 10%) of a particle 
dispersing through a particular grid cell in the model domain, whereas cooler colors signify 
lower probabilities of particles dispersing through the grid cell.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Lagrangian Particle Density Functions (LPDFs) for a single release site, Brine Pool,  
(site 2 as shown in Fig. 1) based on the trajectories of (A) Alvinocaris muricola, (B) 
Bathynerita naticoidea, (C) Lamellibrachia luymesi, and (D) Bathymodiolus childressi 
Simulation 1, (E) Bathymodiolus childressi Simulation 2, and (F) Bathymodiolus childressi 
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C) 

A) B) 

D) 

E) 
F) 

Simulation 3. Warmer colors indicate a higher probability (for example, 10%) of a particle 
dispersing through a particular grid cell in the model domain, whereas cooler colors signify 
lower probabilities of particles dispersing through the grid cell.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Lagrangian Particle Density Functions (LPDFs) for a single release site, Florida 
Escarpment,  (site 3 as shown in Fig. 1) based on the trajectories of (A) Alvinocaris muricola, 
(B) Bathynerita naticoidea, (C) Lamellibrachia luymesi, and (D) Bathymodiolus childressi 
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Simulation 1, (E) Bathymodiolus childressi Simulation 2, and (F) Bathymodiolus childressi 
Simulation 3. Warmer colors indicate a higher probability (for example, 10%) of a particle 
dispersing through a particular grid cell in the model domain, whereas cooler colors signify 
lower probabilities of particles dispersing through the grid cell.   
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A) B) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Lagrangian Particle Density Functions (LPDFs) for a single release site, Blake 
Ridge,  (site 4 as shown in Fig. 1) based on the trajectories of (A) Alvinocaris muricola, and 
(B) Bathynerita naticoidea. Warmer colors indicate a higher probability (for example, 10%) 
of a particle dispersing through a particular grid cell in the model domain, whereas cooler 
colors signify lower probabilities of particles dispersing through the grid cell.  
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A) 
B) 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Lagrangian Particle Density Functions (LPDFs) for a single release site, Cape Fear,  
(site 5 as shown in Fig. 1) based on the trajectories of (A) Alvinocaris muricola, (B) 
Bathynerita naticoidea. Warmer colors indicate a higher probability (for example, 10%) of a 
particle dispersing through a particular grid cell in the model domain, whereas cooler colors 
signify lower probabilities of particles dispersing through the grid cell.  
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Figure 8. Average connectivity matrices indicating proportional exchange of larvae between 
natal seep sites (rows) and settlement seep sites (columns) for (A) Alvinocaris muricola 
(PLD = 186 days), (B) Bathynerita naticoidea (PLD = 90 days), (C) Lamellibrachia luymesi 
(PLD = 21 days), and (D) Bathymodiolus childressi Simulation 1 (PLD = 395 days), (E) 
Bathymodiolus childressi Simulation 2 (PLD = 395 days), and (F) Bathymodiolus childressi 
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Simulation 3 (PLD = 395 days. To determine average connectivity, the total number of 
particles that successfully connected to a site were divided by the total number of released 
particles and multiplied by 100 to get the actual percent value for each scenario. The 
magnitude of local retention and inter-site connectivity is depicted by the color bar. Warmer 
colors indicate a stronger percent connection between sties, while cooler colors denote a 
weaker connection. For ease of interpreting the data, the actual percent of connectivity for 
each species is depicted in every box. Care should be taken when interpreting the strength of 
connectivity for each species, as the color bar strength is specific to each species. To interpret 
the figure, begin first on the x axis (Source) and for connectivity with itself or another site on 
the y axis (Destination).     
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CONCLUSIONS 
 
 
Studies of larval dispersal long considered larvae to be passive planktonic particles, 

completely subject to physical oceanographic processes, but in recent decades the roles of 

larval behavior in dispersal and settlement outcomes have become increasingly recognized 

(Levin 2006, Metaxas 2011). This study provides the first detailed characterization of the 

relative strength of larval dispersal and population connectivity of deep-sea, methane seep 

invertebrates that is known. Through the combination of ocean circulation and Lagrangian 

particle-tracking models, with empirical data on larval PLD, swimming speed and vertical 

distribution in the water column, this study addresses two fundamental challenges to our 

understanding of population connectivity: (i) spatial scales of connectivity in the deep sea, 

and (ii) mechanisms underlying potential connectivity for deep-sea invertebrates. Particles 

were programmed with species-specific behavior that corresponded to four seep species: A. 

muricola, B. naticoidea, L. luymesi, and “B.” childressi, and tracked for five years among 

five methane seep sites in the GOM and Western Atlantic Margin to determine the dominant 

dispersal pathways and strength of potential population connectivity in the domain. The 

climatological conditions of the model domain provide an ideal method to understand 

dispersal patterns under average meteorological conditions. Although data on larval biology 

of deep-sea invertebrates are very limited, species-oriented studies that focus on behavior 

(e.g., Young et al. 1996a, Young et al. 1996b Arellano et al. 2014), coupled with ocean 

circulation models (Cowan et al. 2007, Kough et al. 2015, R. He, unpubl. data), can provide 

valuable predictions of  larval dispersal and population connectivity of methane seep and 
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other unique deep-sea communities. The effects of spawning location and behavior on 

potential dispersal distances for three seep species (Chapter 1), combined with an in depth 

analysis of three potential larval behaviors for “B.” childressi mean dispersal (Chapter 2), 

were quantified using LPDFs (Lagrangian Particle Density Function) and connectivity 

matrices to determine potential connectivity in the GOM and WAM (Chapter 3). Very few 

studies have attempted to model larval dispersal in the deep sea, and most have been limited 

by the availability of reliable estimates of biological parameters, including planktonic larval 

duration and larval behavior (Cowen and Sponaugule 2009, Young et al. 2012, Mitarai et al. 

2016). The present study highlights how incorporating biological traits greatly influences 

larval dispersal trajectories and distances travelled, and why more biologically accurate 

simulations are necessary. Obtaining values of the relevant physiological and behavioral 

parameters of larvae that can be integrated into biophysical models should continue to take 

high priority in the study of deep-sea invertebrates and predictions of population 

connectivity. This dissertation advances our awareness of incorporating species-specific 

behavior in coupled biophysical models and increases our understanding of potential 

population connectivity of methane seep invertebrates. 

 

 

 

 

 

 



 

141 

REFERENCES 
 

Arellano, S.M., A.L. Van Gaest, S.B. Johnson, R.C. Vrijenhoek, and C.M. Young. 2014. 
Larvae from deep-sea methane seeps disperse in surface waters. Proc R Soc B 281: 
20133276.  

 
Cowen, R.K. and S. Sponaugle. 2009. Larval dispersal and marine population connectivity. 

Annu Rev Mar Sci 1: 443-466.  
 
Kough, A.S. and C.B. Paris. 2015. The influence of spawning periodicity on population 

connectivity. Coral Reefs 34(3): 753-757. 
 
Levin, L. A. 2006. Recent progress in understanding larval dispersal: new directions and 

digressions. Integr. Comp. Biol. 46: 282-297.  

Metaxas, A. 2011. Spatial patterns of larval abundance at hydrothermal vents on seamounts: 
evidence for recruitment limitation. Mar. Ecol. Prog. Ser, 437(10). 

Mitarai, S., H. Watanabe, Y. Nakajima, A.F. Shchepetkin, and J.C. McWilliams. 2016. 
Quantifying dispersal from hydrothermal vent fields in the western Pacific Ocean. 
PNAS 113(11): 2976-2981. 

Young, C.M., R. He, R.B. Emlet, Y. Li, H. Qian, S.M. Arellano, A.Van Gaest, K.C. Bennett, 
M. Wolf, T.I. Smart, and M.E. Rice. 2012. Dispersal of deep-sea larvae from Intra-
American Seas: simulations of trajectories using ocean models. Integ and Compar 
Biol 52(4): 483-496. 

 
Young, C.M., P.A. Tyler, and J.D. Gage. 1996 (a). Vertical distribution correlates with 

pressure tolerances of early embryos in the deep-sea asteroid Plutonaster bifrons. 
Journal of the Marine Biological Association of the United Kingdom 76(3): 749-757. 

 
Young, C.M., M.G. Devin, W. Jaeckle, S.U.K Ekaratne, S.B. George. 1996 (b). The potential 

for ontogenetic vertical migration by larvae of bathyal echinoderms. Oceanol Acta 
19: 263-271.  

 
 

 

 

 



 

142 

APPENDICES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

143 

APPENDIX 1 

Sample script of LTRANS code used in behavior simulations for Alvinocaris muricola and  
“B.” childressi simulation 2. Code is written in Fortan90 and provides the behavior regimes 
at the different larval stages. Particles exhibited no behavior the first two days, followed by 
weak upward swimming behavior at 0.02 cm s-1 from day three to ten. On the tenth day, 
swimming speed increased to 0.2 cm s-1 until particles reached near surface (<100 meters). 
There, particles dispersed in surface waters for 385 days, and started swimming down to the 
sea floor at 0.2 cm s-1 in order arrive on bottom by the end of the 395-PLD.  
 
.f90 Alvinocaris muricola code 
!TYPE 8: Alvinocaris.  Swim at 20.76 cm/min for first day, then 
! try to swim near the surface until just before 3 months, then swim downward. 
IF(P_behave(n) .EQ. 8) THEN 
    btest = 0   !switch to control behavior 
 
    !Particle swims up if deeper than 1.0 m below surface 
    IF (P_zc .LT. (P_zetac-1.0)) THEN 
        parBehav=P_swim(n,3) 
        btest = 1 
    END IF 
 
    ! If within 1 m of surface, swim randomly (50% chance of swimming up) 
    IF (btest.EQ.0) THEN 
        negpos = 1.0 
        dev1=genrand_real1() 
        switch = 0.5 
        IF (dev1.GT.switch) negpos = -1.0 
        devB=genrand_real1() 
        parBehav=negpos*devB*P_swim(n,3) 
    END IF 
 
    ! Make particle swim downward at deadage 
    IF (P_age .GE. P_deadage(n)) THEN 
        parBehav=-1.0*swimfast 
    END IF 
END IF 
!-------------------------------------------------------------------------------- 
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.f90 “B.” childressi Simulation 2 code.  
!TYPE 8:  Bathymodiolus childressi - type 2. 
    ! Passive for first 2 days 
    ! Days 3-10, swim upward @ 0.02 cm/s 
    ! Days 10+, swim upward until reaching 100 m depth 
    ! Passive until day 365. 
    ! Swim downward at 0.2 cm/s 
    IF(P_behave(n) .EQ. 8) THEN 
       btest = 0   !switch to control behavior 
       parBehav = 0.0 
 
       ! If day 3-10, start swimming at swimslow 
       IF (P_age .GE. swimstart) THEN 
          parBehav=swimslow 
       END IF 
 
       !  If > 10 days, swim faster 
       IF (P_age .GE. pediage) THEN 
          parBehav=swimfast 
       END IF 
 
     ! If shallower than 100m, swim downward 
       if (P_zc .GT. -100.0) then 
          parBehav=-1.0*swimfast 
       else if (P_zc .LT. -100.0) then 
          parBehav= swimfast 
       end if 
 
      ! Time to swim down?  At 365 days (31536000.0 sec). 
      IF (P_age .GE. 31536000.0) THEN 
         parBehav=-1.0*swimfast 
 
         ! If particle greater than 1.0 m from bottom, swim down 
         IF (P_zc .LT. (P_depth+1.0)) THEN 
            parBehav=0.0 
         END IF 
      END IF 
 
      btest=1 
 
    END IF 
!-------------------------------------------------------------------------------- 
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F) 

A) 
B) 

D) 

E) 

APPENDIX 2 
 
Closer view of the Lagrangian Particle Density Functions (LPDFs) for a single release site, 
Alaminos Canyon,  (site 1 as shown in Fig. 1) based on the trajectories of (A) Alvinocaris 
muricola, (B) Bathynerita naticoidea, (C) Lamellibrachia luymesi, (D) Bathymodiolus 
childressi Simulation 1, (E) Bathymodiolus childressi Simulation 2, and (F) Bathymodiolus 
childressi Simulation 3. 
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F) 

A) B) 

C) 

E) 

D) 

APPENDIX 3 

Closer view of the Lagrangian Particle Density Functions (LPDFs) for a single release site, 
Brine Pool,  (site 2 as shown in Fig. 1) based on the trajectories of (A) Alvinocaris muricola, 
(B) Bathynerita naticoidea, (C) Lamellibrachia luymesi, and (D) Bathymodiolus childressi 
Simulation 1, (E) Bathymodiolus childressi Simulation 2, and (F) Bathymodiolus childressi 
Simulation 3. 
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C) 

A) B) 

D) 

E) F) 

APPENDIX 4 
 

Closer view of the Lagrangian Particle Density Functions (LPDFs) for a single release site, 
Florida Escarpment,  (site 3 as shown in Fig. 1) based on the trajectories of (A) Alvinocaris 
muricola, (B) Bathynerita naticoidea, (C) Lamellibrachia luymesi, and (D) Bathymodiolus 
childressi Simulation 1, (E) Bathymodiolus childressi Simulation 2, and (F) Bathymodiolus 
childressi Simulation 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

148 

A) B) 

APPENDIX 5 
 
A closer view of the Lagrangian Particle Density Functions (LPDFs) for a single release site, 
Blake Ridge,  (site 4 as shown in Fig. 1) based on the trajectories of (A) Alvinocaris 
muricola, and (B) Bathynerita naticoidea.  
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A) B) 

APPENDIX 6 
 

A closer view of the Lagrangian Particle Density Functions (LPDFs) for a single release site, 
Cape Fear,  (site 5 as shown in Fig. 1) based on the trajectories of (A) Alvinocaris muricola, 
and (B) Bathynerita naticoidea. 
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APPENDIX 7  
 
Average connectivity matrix indicating proportional exchange of larvae between natal seep 
sites (rows) and settlement seep sites (columns) for Bathynerita naticoidea (PLD = 90 days) 
with the ability to connect with a site up to 10 days before the end of their 90-day PLD. To 
determine average connectivity, the total number of particles that successfully connected to a 
site were divided by the total number of released particles and multiplied by 100 to get the 
actual percent value for each scenario. The magnitude of local retention and inter-site 
connectivity is depicted by the color bar. Warmer colors indicate a stronger percent 
connection between sties, while cooler colors denote a weaker connection. For ease of 
interpreting the data, the actual percent of connectivity for each species is depicted in every 
box. Care should be taken when interpreting the strength of connectivity for each species, as 
the color bar strength is specific to each species. To interpret the figure, begin first on the x 
axis (Source) and for connectivity with itself or another site on the y axis (Destination). 
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